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FOREWORD 


The  Martin  Company,  a  Division  of  the  Martin- Marietta  Corporation, 
Orlando,  Florida,  has  prepared  this  report  of  work  accomplished  under 
the  sponsorship  of  the  U.S.  Army  Transportation  Research  Command 
during  the  period  from  August  through  December  1963. 

It  is  submitted  in  accordance  with  the  requirements  of  Contract  No. 

DA  44- 177-AMC-96(T)  and  contains  an  account  of  the  execution  of 
the  tasks  specified  in  that  contract,  pursuant  to  the  modification  of  the 
Man  Carrying  Test  Vehicle,  which  was  constructed  under  a  preceding 
contract.  No.  DA  44-177-TC-710,  and  was  discussed  in  TRECOM  Tech¬ 
nical  Report  63-27. 

The  program  was  conducted  under  the  direction  of  Mr.  K.  Cossairt 
and  reflects  the  contributions  of  Messers  J.  Bums  and  M.  Rosenberg. 

The  consultation  services  of  Dr.  G.  D.  Boehler  of  Aerophysics  Co., 

N.  K.  Walker  of  Walker  Associates,  P.  Payne  of  Frost  Engineering 
Cor|x>ration,  and  Dr.  K.  Millsaps  of  the  University  of  Florida,  have 
been  employed  in  this  effort,  and  their  assistance  is  gratefully  ac¬ 
knowledged.  Also,  extremely  valuable  assistance  for  the  "  Propulsion 
Investigation"  was  given  by  both  the  General  Electric  Company  and 
the  Continental  Aviation  and  Engineering  Corporation. 


CONTENTS 


Foreword .  iii 

Illustrations .  vi 

Tables .  x 

List  of  Symbols .  xi 

Summary .  1 

Conclusions .  1 

Recommendations .  1 

Vehicle  Characteristics .  3 

Component  Testing .  24 

Analytical  Studies . . 

Propulsion  Investigation .  2>G 

Bibliography .  246 

Appendix  1:  The  Case  for  the  Simple  Autopilot .  247 

Appendix  II:  Water  Analogy  of  the  Recirculation  GEM .  261 

Appendix  III:  Vehicle  Performance  Estimates  (IBM  Machine 
Program) .  272 

Distribution .  280 


V 


ILLUSTRATIONS 


1  Research  Test  Vehicle,  General  View .  5 

2  Research  Test  Vehicle,  Inboard  Profile .  5 

3  Ejector  Geometry  and  Nomenclature .  6 

4  Driver  Controls,  Schematic .  12 

5  Primary  Air  Control  Valve .  14 

6  Exit  Flap  Actuator .  16 

7  Performance,  Lift  Versus  Height .  22 

8  Two-Dimensional  Stability  and  Control  Model .  25 

9  Stability  and  Control  Model  Geometry,  Sketch .  25 

10  Ejector  Configuration .  26 

1 1  Primary  Nossle  Installation .  26 

12  Location  of  Static  Pressure  Tsq^s .  28 

13  Base  Pressure  Versus  Height  (Half>Scale  Model) .  32 

14  Base  Pressure  Versus  Height.  6i  -  20*.  6o  *  30  ±  10* .  32 

15  Base  Pressure  Versus  Height,  6i  -  30*,  6^  «  30  i  10* .  33 

16  Base  Pressure  Versus  Height,  6^  «  40*.  6^  *  30  ±  10* .  33 

17  Cavity  Pressure  Versus  Height,  6i  *  20*.  6o  *  30  ±  10* .  35 

18  Cavity  Pressure  Versus  Height,  6^  =  30*.  6^  -  30  ±  10* .  35 

19  Cavity  Pressure  Versus  Height,  6j  *  40*,  6q  *  30  ±  10* .  36 

20  Moment  Versus  Angle  at  Constant  Lift,  Inlet  Sealed .  36 

21  Moment  Versus  Angle  at  Various  Heights.  Inlet  Sealed .  37 

22  Moment  Versus  Angle  at  Constant  Lift,  Inlet  Open .  37 

23  Moment  Versus  Angle  at  Various  Heights,  Inlet  Open .  38 

24  Control  Moment  Versus  Differential  Primary  Pressure 

When  h  *  9  Inches .  40 

25  Control  Moment  Versus  Height  When  AP^'  =  1  psi .  40 

26  Control  Moment  Versus  Height,  A6  =  12* .  41 

27  Control  Moment  \fersus  Height,  Vary  A6,  AP^'  *  1  psi .  41 

28  Comer  Module  Model .  54 

29  Assembly  Drawing  of  Corner  Model .  56 

30  Front  View  of  Quarter  Model .  57 

31  Three-Quarter  View  of  Model .  57 

32  Primary  Airlines,  Quarter  Model  .  58 

33  Instrumentation  and  Test  Setup,  Quarter  Model  .  58 

34  Comparison  of  Side  and  Corner  Ejector  Internal  Line .  60 

35  Header  Nomenclature  and  Dimensions .  60 

36  Header  and  Nossle  Locations .  62 

37  Area  Section  of  Base .  63 

38  Area  Section  of  Cavity .  64 


vi 


39  Header  Calibration  Test  (Front  View) .  65 

40  Header  Calibration  Test  (Side  View) .  65 

41  Comparison  of  Theoretical  and  Measured  Mass  Flow,  Half- 

Scale  Quarter  Model  (Corner) .  68 

42  Comparison  of  Theoretical  and  Measured  Mass  Flow,  Half- 

Scale  Quarter  Model .  68 

43  Pressure  Orifice  Locations .  70 

44  Base  Pressure  Versus  Flap  Angle,  Corner  Model .  73 

45  Base  Pressure  Versus  Height,  Corner  Model .  73 

46  Cavity  Pressure  Versus  Height,  Corner  Model .  74 

47  Quarter  Model  Base  Partition  Combinations  .  76 

48  Component  Base  Pressure .  77 

49  Component  Base  Pressure .  77 

50  Component  Base  Pressure .  78 

51  Isobar  Distribution,  Basic  Configuration .  81 

52  Isobar  Distribution,  Basic  Configuration  with  3-Inch  Inlet 

Extensions .  82 

53  Pressure  Distribution,  Side- Front  Ejectors  Isolated .  83 

54  Comer  Pressure  Distribution,  Basic  Run .  84 

55  Comer  Pressure  Distribution,  Ejectors  1,  2,  3,  and  4 .  84 

56  Comer  Pressure  Distribution,  Ejectors  1,  2,  and  3 .  85 

57  Comer  Pressure  Distribution,  Ejectors  1  and  2 .  85 

58  Comer  Pressure  Distribution,  All  Ejectors  .  86 

59  Pb  versus  Pq*  *  Inlet  Extension .  89 

60  Surface  Roughness,  Ditch .  89 

61  Terrain  Geometry .  91 

62  Terrain  Model  Geometry,  Obstacle .  91 

63  Terrain  Model,  Trench,  h/AH  =  0.24  .  92 

64  Terrain  Model,  Trench,  h/AH  =  0.71  .  92 

65  Corner  Model,  Water  Test,  General  View .  94 

66  Comer  Model,  Water  Test,  Operation .  94 

67  Compressor  Map,  Primary  Mass  Flow  Versus  Pressure  ....  96 

68  Compressor  Map,  Primary  Mass  Flow  Versus  Efficiency.  ...  96 

69  Primary  Mass  Flow  Versus  Pressure .  97 

70  Primary  Mass  Flow  Versus  Pressure,  Primary 

Horsepower  =  10 .  97 

71  Lift  per  Horsepower  Versus  Absolute  Total  Pressure  of 

Primary  Flow .  99 

72  Performance,  Gage  Base  Pressure  Versus  Height .  103 

73  Power  Required  Versus  Forward  Speed .  103 

74  Ejector  Nomenclature,  Recirculation .  109 

75  Ejector  Nomenclature,  Straight .  109 

76  Equilibrium  of  Forces,  Bifurcating  Jet  Region .  117 

77  Re-entrant  Jet  Region .  119 


vii 


78  Forward  Speed  Regimes .  122 

79  Leading  Edge  Recirculation  Flow,  "Transition"  Regime .  122 

80  Leading  Edge  Recirculation  Flow,  "Super  Critical"  Regime.  .  .  124 

81  Recirculation  Flow  in  the  "Damping"  Condition .  124 

82  Vehicle  Control  Moment .  130 

83  Vehicle  Rolling  Moment  in  Sideslip .  133 

84  Steadiness  in  Yaw  (GEM  s  and  Helicopters) .  137 

85  Vertical  Fins  for  Neutral  Stability .  137 

86  Univector  Control  Column .  141 

87  Turning  Circle  of  Research  Vehicle  Versus  Car  and  Ships.  .  .  .  141 

88  Motion  Over  Short  Sea  (Pitch) .  147 

89  Motion  Over  Short  Sea  (Yaw) .  148 

90  Flying  Height  to  Clear  Waves,  Longest  and  Shortest 

Wavelengths  .  150 

91  Flying  Height  to  Clear  Waves:  Wavelength  =  2  x  GEM  Length.  .  150 

92  Flying  Height  to  Clear  Waves;  Wavelength  =  1  x  GEM 

Wavelength .  151 

93  Signal  Flow,  Simplest  System .  158 

94  Signal  Flow,  Rate  Gyro  System .  161 

95  Signal  Flow,  System  Insensitive  to  Surface  Contours .  162 

96  Vehicle  Static  Stability .  163 

97  Definition  of  Momentum  Flux  Components .  167 

98  Cushion  Pressure  for  Example  Case .  169 

99  Definition  of  Velocities .  172 

100  Effect  of  Cavity  Vorticity  Upon  Cushion .  172 

101  Variation  of  Cavity  Pressure  with  hjAj  .  174 

102  Critical  Mass  Ratio  for  Zero  Cavity  Pressure .  175 

103  Assumed  Static  Pressure  Distributions  for  Thin  Jet 

Analysis .  175 

104  Noxsle  Exit  Vs;locities .  179 

105  Variation  of  Mass  Ratio  Coefficient  C—  with  Mass  Ratio 

m/m^ .  187 

106  Cavity  with  Flexible  Trunk .  194 

107  Entrainment  in  a  Two-Dimensional  Jet .  195 

108  Ratio  of  Dynamic  Pressure  q  Jet  to  Initial  Value  as  a 

Function  of  Jet  Length .  198 

109  Entrainment  in  a  Partially  Recirculating  Jet .  198 

110  Free-Air  Entrainment  Periphery  for  Recirculating  Jet .  200 

111  Cavity  Zone  Entrainment  Loss  Sketch .  201 

1 12  Theoretical  Cushion  and  Cavity  Pressure  for  a 

Recirculation  Test  Rig .  206 


viii 


113  Predicted  and  Measured  Total  Head  Loss  for  Martin 

Model  No.  1 .  206 

114  Losses  Due  to  Stable  Vortex  in  Cavity  Zone .  207 

115  Losses  Attributable  to  Adverse  Pressure  Gradient .  208 

116  Simple  Uniform  Jet .  210 

117  Sketch  of  System  Which  Lowers  Jet  Velocity .  211 

118  Basic  Geometry  of  Jet  Pump .  213 

119  Optimum  Mixing  Pressure  for  a  Static  Eductor .  216 

120  Optimum  Mixing  Duct  Area  at  Completion  of  Mixing  .  216 

121  Variation  of  Optimum  Aj/Aj  With  n .  217 

122  Optimum  Diffuser  Ratios  A2/Ajy^  With  Static  Eductor .  217 

123  Variation  of  Optimum  Thrust  Augmentation  With 

Diffuser  Efficiency  .  218 

124  Limit  Augmentation  Available  as  n  -*  oo .  218 

125  Efficiency  of  Optimum  Jet  Pump  Under  Static  Conditions  ...  219 

126  Velocities  in  an  Eductor- .  220 

127  Total  Mixing  Length  Parameter  as  a  Function  of 

Entrainment  Ratio  and  Diffuser  Efficiency .  221 

128  Propulsion  Unit,  Assembled.  Side  View .  237 

129  Propulsion  Unit,  Assembled,  Rear  View .  238 

130  Propulsion  Unit,  Test  Stand .  238 

131  Propulsion  Uiiit,  Compressor,  Front  View .  239 

132  Propulsion  Unit,  Compressor,  Rear  View  .  239 

133  Primary  Pressure  Duct  System  Critical  Path  Stations .  243 

134  Jet  Thrust  Versus  Jet  Pressure  (Ptj/Ps  =  0  to  15) .  2  43 

135  Jet  Thrust  Versus  Jet  Pressure  Rafio  (I^^./Pg  =  0  to  7)  ...  .  244 

136  Improvement  in  GEM  Performance  and  cist  Due  to  the  Use  of 

an  Autopilot  -  No  Allowance  for  Structural  Weight  Savings  .  2  99 

137  Improvement  in  GEM  Performance  and  Cost  Due  to  the  Use 

of  an  Autopilot  -  Allowing  10  Percent  Reduction  in 

Structural  Weight .  259 

138  Sketch  of  Two-Dimensional  Working  Model  .  265 

139  Total  Power  Parameter .  2  76 

140  Lift  Coefficient  Versus  Loading  Parameter .  2  76 

141  Power  Loading  Versus  Power  Parameter .  2  77 

142  Ejectijet  GEM  Performance,  60,000  <  Wg  «  100,000  .  277 

143  Theoretical  Cavity  Pressure .  278 

144  Visualisation  of  Flow . . .  2  79 


IX 


TABLES 


1  Weights  Summary .  8 

2  Summary  of  Maximum  Possible  Errors .  30 

3  Double  Ejector  Stability  and  Control  Tests .  43 

4  Double  Ejector  Stability  and  Control  Tests .  46 

5  Nozzle  Alignment  Effects .  55 

6  Nozzle  Angle  Calibration .  66 

7  Two-  and  Three-Dimensional  Pressures .  79 

8  Effect  of  Sealing .  87 

9  Summary  of  Performance  Data .  101 

10  Pq  Loss .  242 

11  "Amphibian"  GEM .  250 

12  "Small"  GEM .  251 

13  "Large"  GEM .  242 

14  "Amphibian"  GEM  (With  Autopilot) .  255 

15  "Small"  GEM  (With  Autopilot) .  256 

16  "Large"  GEM  (With  Autopilot) .  257 

17  Cost  and  Payload  Estimates  for  Inherently  Stable  GEMS .  258 


X 


LIST  OF  SYMBOLS 


Symbol 

A 

A’ 

a" 

a'  • 

A 

w 

a 

AR  =  AVA* 
b 
c 

<=! 

c 

p 

c 

V 


Quantity 


D.  .lension 


Area  ft^ 

Exit  area  of  primary  nozzle  ft2 

Cross-sectional  area  of  secondary  ft^ 

stream  in  exit  plane  of  primary  nozzle 

Throat  area  of  primary  nozzle  ft^ 

Wetted  area  of  ejector  ft2 


Wetted  area  shape  parameter 

Ejector  area  ratio 

Length  shape  paramtter 

Perimeter  of  bcse  area 

Chord  length  of  inlet  extension 
(skirt) 

Specific  heat  at  constant  pressure 
Specific  heat  at  constant  volume 


ft 

In. 

Btu/lb”R 

Btu/lb*K 


Cjj  Drag  coefficient,  D/qS 

Profile  drag  coefficient,  D^/qS 

C_  Momentum  drag  coefficient,  D  /qS 

D  m 

m 

Lift  Coefficient.  L/qS 

D  Drag  lb 

Dj  Profile  drag  Ib 

D  Momentum  drag  lb 

m 

D  Vehicle  effective  diameter,  ft 

\/—  S 

TT 


XI 


■"-f *■»  ■ 


! 

! 


Symbol 

Quantity 

Dimension 

F 

Total  shear  force  on  walls  of  mixing 
section 

lb 

F 

H 

Horizontal  component  of  force  acting 
on  ejector  ducting 

lb 

F 

V 

Vertical  component  of  force  acting 
on  ejector  ducting 

lb 

F 

z 

Lifting  force  in  heave 

lb 

Force  applied  to  ejector  air 

lb 

h 

Height  of  vehicle  base  above  the  ground 

ft 

R 

Mean  height  of  pitched  vehicle 

ft 

HP' 

Primary  horsepower. 

HP 

/  1  m* 

^2  550  / 


I 

yy 

Moment  of  inertia,  pitch  axis 

ft-lb-sec2 

j 

Total  momentum  of  tertiary  flow 

lb 

J 

Momentum  of  tertiary  flow  per  unit 
length 

Ib/ft 

K 

Constant 

- 

L 

Lift 

lb 

Vehicle  rolling  moment 

ft-lb 

1 

Length  of  the  mixing  section 

ft 

i 

Vehicle  length 

ft 

Vehicle  pitching  moment 

ft-lb 

71 

Vehicle  yawing  moment 

ft-lb 

m 

Tertiary  mass  flow 

slugs/sec - 
ft,  or 
Ib/sec-ft 

I 

m 

Primary  mass  flow 

slugs/sec - 
ft,  or 
Ib/sec-ft 

xii 


Quantity 


Dimension 


Symbol 


p  Pressure 

P  Absolute  total  pressure  of  tertiary 
flow 

P^'  Total  pressure  of  primary  flow,  gage 

P^  Gage  base  (air  cushion)  pressure 

PL  Average  base  pressure 

P  Gage  cavity  pressure,  static  pressure 
between  exit  and  inlet  under  the  re¬ 
circulating  ejector 

Pj  Gage  static  pressure  at  inlet  of 
ejector  mixing  section 

p^  Gage  static  pressure  end  of  mixing 
section  of  ejector 

Pg  Static  pressure  of  tertiary  flow  of 
ejector  at  exit 

AP  Difference  between  forward  and  aft 
cavity  pressures 

P  Total  installed  vehicle  power 

Dynamic  pressure  of  free  stream  in 
forward  flight 

q.  Dynamic  pressure  of  the  jet 
R  Universal  gas  constant 

sfc  Specific  fuel  consumption 
S  Vehicle  projected  planform  area 

Sq  Base  area 

S^  Cavity  area 

T  Total  temperature 


lb/ft2 

lb/ft2 

lb/  in. 2 
lb/ft2 
lb/ft2 
lb/ft2 


lb/ft2 

lb/ft2 

lb/ft2 

lb/ft2 

HP 

lb/ft2 

lb/ft2 

1715  ft 
lb/slug*R 

Ib/HP-hr 

ft2 

ft2 

•R 


xiii 


Symbol 


Quantity 


Dimension 


t 

Jet  thickness 

ft 

T 

Time 

sec 

V 

Free  stream  velocity 

ft/ sec 

V 

a 

Tertiary  jet  average  velocity  at 
nozzle  exit 

ft/ sec 

Vehicle  forward  speed 

mph  or  ft/sec 

^2 

Tertiary  velocity  at  end  of  mixing 
section 

ft/ sec 

w 

Vehicle  width 

ft 

X 

Exponential  parameter  « 

(t/h)  (1  +  sin  6) 

W 

Vehicle  weight 

lb 

W 

P 

Vehicle  payload 

lb  or  ton 

z 

Vertical  displacement  in  heave 

ft 

Time  rate  of  change  of  heave 

ft/ sec 

•  • 

z 

Acceleration  in  heave 

ft/sec2 

oc 

Pitch  angle 

Radians 

CC 

Pitch  rate 

sec"  1 

•  • 

a 

Angular  acceleration  in  pitch 

sec*2 

8F  /ez 

Damping  derivative 

lb  sec/ ft 

p 

Static  density 

slugs/ ft3  or  Ib/ft 

^0 

Total  density 

slugs/ft^ 

Exit  flap  angle,  inner  (from  horizontal) 

Degrees 

6 

o 

Exit  flap  angle,  outer  (from  horizontal) 

Degrees 

€ 

o 

Overall  recirculation  efficiency 

Percent 

•r* 

Recirculation  compressor  efficiency 

Percent 

Symbol 


Cjuantity 


IJimctisjoti 


Recirculation  ejei  tor  effii  lenc  y  = 

n  Thrust  augmentation 

Oj  Angle  of  secondary  inlet  measured 
from  horizontal 

©2  Angle  of  tertiary  exit  measured 
from  horizontal 

4>  Vehicle  roll  angle 

4/  Vehicle  yaw  angle 

y  Ratio  of  specific  heats 

m/m'  Mass  augmentation 

n  Unit  vector  norma!  t(j  the  area  of 
integration 

i  Unit  vector  in  the  axial  direction  of 
the  stream  in  the  mixing  section 

4  Damping  ratio 

4  Damping  ratu)  in  pitch 


1  *f  1  <  O'fll 


Degrees 

Degrees 

Degrees 

Degrees 


Subscripts  in  Reference  to  Ejector 

1  -  Conditions  at  Station  1  (Inlet  of 

ejec  tor) 

2  -  Conditions  at  Statical  2  (End  of 

mixing) 

3  -  Conditions  at  Station  3  (Exit) 

Superscripts  in  Reference  to  Ejector 

'  -  Primary  flow 
"  -  Secondary  flow 

Note: 

Any  symbols  not  listed  above  are  defined  in  the  proper  sec  tions.  A 
small  arrow  over  a  symbol  is  used  to  indu  ate  vector  quantities. 


w 


BLANK  PAGE 


SUMMARY 


The  preliminary  design  of  a  Ground  Effect  Machine  (GEM)  employing 
an  ejector- recirculation  principle  for  lift  is  presented  in  this  report. 
The  scope  of  the  work  includes; 

1.  The  modification  and  test  of  an  engine-compressor  unit  from 
Government-furnished  equipment  (GFE), 

2.  Supporting  component  testing,  both  two  and  three  dimensional, 
and  data  analysis  of  the  improved  ejector  configuration; 

3.  The  basic  engineering  required  for  the  preliminary  design  of 
the  vehicle  configuration,  controls,  power-plant  installation, 
basic  structure,  and  performance  estimates. 

CONCLUSIONS 

The  adequacy  of  the  primary  air  supply  system,  coupled  with  reliable 
performance  data,  evolved  from  the  test  and  analysis  accomplished 
in  the  effort  reported  here,  assures  the  feasibility  of  constructing  a 
fulUscale  operating  vehicle,  adequate  for  the  environmental  research 
and  performance  evaluation  of  the  recirculation  GEM. 

RECOMMENDATIONS 

The  results  of  this  effort  have  indicated,  rather  than  established,  the 
potential  performance  of  an  optimized  vehicle  design.  Prior  to  under 
taking  the  refinements  necessary  for  optimum  performance, it  is 
recommended  that; 

1.  Detailed  design  of  the  present  configuration  be  completed  and 
the  test  vehicle  be  constructed. 

2.  Tests  be  conducted; 

a.  To  confirm  the  lift,  stability,  control,  and  maneuver  charac¬ 
teristics  indicated  by  the  data. 
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h.  To  ilolormino  tin*  effect  on  f)erfoi  nKinc<‘  of  surface  loi  tjliriess 
ditches.  i>hstacles.  etc. 

c.  T(»  I'stahlish  stability,  coiitr»»l  and  maneuver  i  rilioaa. 

(I.  To  dtderinine  the  effect  of  a  vvatei’  and  sui’f  envi mnniciit. 

.'f.  After  the  successful  completion  of  the  liover'  and  l<»\v-forward- 
speed  tests,  it  is  recommendt'd  that  the  veliicle  hi“  modified  for 
hi|jh-S[>eed  forward-flight  i  a|)ahility.  Tests  could  then  he  condut 
ted  to  investigate  the  environmental  and  operational  problems 
associated  with  specific  missions. 
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VKHICLE  CHARACTERISTICS 


The  GEM  dc'scribed  ifi  this  icpott  is  primar  ily  a  resr'arr  h  test  veliir  le 
wliieh  employs  an  ejector  recirc  ulation  principlr*  (R<‘ferr*n(  «■  I)  to  oij- 
tain  lift.  Tlu*  vehicle  is  a[)pr'oximately  20  fr‘et  wide,  2U  feet  lonj',  and 
5  feet  high,  and  weighs  2,600  pounds  t‘mpty.  The  initial  f)ur[)ose  of  tfie 
veliicle  is  to  investigate  the  hovering  and  low-forwarcl-speed  ciiarac- 
teristics  of  this  new  and  different  ( one fpt  tn  ground  j*ffe(  t  machines. 
The  ultimate  objective  is  to  utilize  the  vehi<  le  as  a  basic  test  bed 
which  can  be  modified  easily  and  tested  over  a  broad  range  of  con¬ 
ditions. 


No  attempt  has  been  made  to  "optimize"  the*  vehic  le  perfor  rnanc  e,  as 
this  would  presuppose  knowledge  from  the  vehic  le  flight  test  program. 
Undoubtedly,  the  "  optimum"  vehicle  will  be  a  compromise*  of  such 
factors  as  the  hover-lift  perfornrance,  forward-flight  effec  ts,  stability 
and  control,  fabrication  costs,  and  envircjnmental  and  o|)e*r’ati<jnal  cem- 
siderations.  Certainly,  the  performance  of  the  recirculating  ejector 
is  of  paramount  importance  in  determining  the  overall  per  forrnanc  e* 
of  the  vehicle.  From  Referenc  e  1,  in  particular  section  6.3,  an  ejec¬ 
tor  performance  which  is  superior  to  that  cur*r*ently  obtained  is  pre¬ 
dicted.  More  recently,  as  shown  in  a  later*  c  hapter  of  this  report, 
"Analytical  Studies,"  an  even  more  impressive  impr'overnent  is  pre¬ 
dicted.  However,  to  illustrate  that  the  basic  perforrnanc  e  of  the  cur  ¬ 
rent  configuration  is  entirely  adequate  for  this  phase  of  the  research 
pr  ogram,  the  following  values  ai’e  estimated  for  the  high-speed  for  ward- 
flight  c  onfiguration; 


Figure  of  Merit; 


h*W 


3/2 


P*T5^ 

F  •  sfc 


W  •  V, 
P  f 


2.9  to  3.6 


Vehicle  Efficiency; 


1.0 


Gross  Weight  to  Power  Ratio;  1 1  to  13 

Payload  to  Power  Ratio:  6  to  7 

Payload  to  Gross  Weight:  50  to  65  Percent 

Height  to  Diameter  Ratio:  0.06  to  0.09  (without  skirts) 

CONFIGURATION 

The  overall  size  and  shape  of  the  Martin  GEM  are  shown  in  Figures 
1  and  2,  The  basic  structure  is  essentially  a  flat  raft  with  a  central 
superstructure  which  contains  the  driver  compartment,  engine,  fuel, 
and  accessory  equipment.  Conventional  light  aircraft  construction 
techniques  utilizing  aluminum  skin,  beams,  and  riveted  joints  are 
employed. 

In  order  to  facilitate  configuration  changes  and  to  simplify  the  fab¬ 
rication,  a  modular  concept  is  used  with  the  ejector  assemblies. 

Only  two  basic  ejector  assemblies  are  required;  8  straight  units  and 
16  corner  units.  Three  straight  units  will  be  attached  to  each  side  of 
the  vehicle  and  one  each  in  the  front  and  rear.  Four  corner  units 
will  be  attached  at  each  of  the  four  corners.  These  units  can  be 
interchanged,  replaced  and/or  subsequently  modified.  In  addition, 
the  fabrication  cost  is  significantly  reduced  by  using  this  modular 
concept.  The  recirculating-ejector  geometry  and  nomenclature  are 
shown  in  Figure  3. 

STRUCTURAL  DESIGN 

The  base  platform  is  treated  as  a  torque  box  utilizing  simple  straight- 
line  elements  with  no  curved  surfaces.  This  type  of  structure  utilizes 
"soft"  tooling  and  affords  convenient  modification  simply  by  the  ad¬ 
dition  of  extra  "cells."  The  additional  base  platform  area  required 
for  the  research  vehicle  was  provided  in  this  manner,  thereby  utiliz¬ 
ing  a  major  portion  of  existing  structure.  The  addition  of  brackets 
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Figure  3.  Elector  Geometry  and  Nomenclature 
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iind  mounts  is  also  lonvenieiitly  ac  c  omplishcd  liy  pickin^^  uf)  fastcm  rs 
at  tiu*  nearest  struetural  member  since*  the  veliie  le  is  esse-ntially  a 
grid  of  beams,  ribs,  and  stringer  s. 

The  base  platform  structure  sufiports  the  vetiie  le  equifiment  and  pay- 
load  in  addition  to  transmitting  tlie  base*  pi’e'ssur'e*  to  the  e*ntire  vebu  le. 
The  dimensions  of  tIu*  platform  are  248  incfies  by  144  ine  lies,  with 
beams  running  the  long  dimension  and  ribs  I’unning  the  wielth.  This 
grid  of  beams  and  ribs  is  covered  by  aluminum  skin  t(j  form  a  torque 
box.  All  skin  gages  are  basically  0.032  inch.  Six  main  beams  extend 
the  length  of  the  structure  and  are  spaced  laterally  at  appropriate 
intervals  to  accept  mounting  of  engines.  Cap  strips  are  f)lac<*d  over 
the  flanges  of  the  beams  to  provide  sufficient  material  to  carry  bend¬ 
ing  loads  in  the  beam  caps.  These  ( aps  also  serve  as  skin  splices 
in  some  cases.  Depending  upon  load  requirements,  the  (  af)  thic  kness 
varies  from  0.040  tt)  0.125  inch.  Beam  web  thickness  is  0.063  inch 
with  Hanged  lightening  holes  inc  oi  porated  for  stiffening.  Major  sh(*ar 
loads  and  concentrated  loads  are  introduced  to  the  beams,  either  di¬ 
rectly  by  attaching  fittings  or  indirectly  as  transferred  from  ribs  to 
beams.  Ribs  are  also  stiffened  by  flanged  lightening  b.oles.  Web 
thickness  varies  from  0.032  to  0.063  inch  depending  upon  local  load 
requirements.  Conventional  round  head  rivets  are  used  except  in 
blind  areas  where  pull-type  rivets  are  used. 

Main  landing-gear  wheel  wells  are  provided  in  the  basic  struc  ture. 
Landing-gear  loads  are  transferred  to  main  beams  by  means  of  inter- 
costals  and  brackets.  Nose  and  tail  wheel  equipment  is  attached  to 
the  base  platform. 

The  ret  irculating  ejector  assemblies  consist  of  a  closed  box  beam 
whit  h  forms  the  aerodynamic  configuration  for  the  inner  wall  and 
cavity  area.  The  beam  acts  as  a  torque  box  under  normal  loads  and 


7 


is  semimonocoquc*  with  0.025  inch  aluminum  skin.  The  outer  wall  of 
0.020  inch  aluminum  is  attached  to  the  torque  box  by  means  ('f  end 
plate.s.  External  ribs  serve  to  stiffen  the  outer  wall  and  provide 
attachment  to  the  base  platform.  The  end  plates  resist  any  warpage 
which  may  be  produced  by  torsional  loads. 

A  conventional  "dog-house"  structure  is  provided  aft  of  the  driver 
enclo.sure  to  form  the  engine  and  compressor  air  intake  plenum  cham¬ 
bers  and  to  provide  a  removable  engine  fairing. 

WEIGHTS  SUMMARY 

A  stripped  (minimum  equipment)  vehicle  will  have  an  empty  weight 
of  2,585  pounds  distributed  as  shown  in  Table  I.  The  anticipated  weight 
increase  for  the  high-speed  forward-flight  configuration  is  also  shown. 

A  vehicle  having  a  closed  cockpit,  engine  fairings  and  propulsion  units 
that  supply  approximately  1,000  pounds  of  thrust  will  weigh  4,000  pounds 
empty.  The  forward  propulsion  units  will  incorporate  reversible  pitch 
propellers  for  braking,  backing  up,  and  down-hill  maneuvering.  Each 
propulsion  unit  will  have  a  rudder  mounted  in  the  slipstream  of  the 
propellers  for  additional  yaw  control. 


TABLE  I 

WEIGHTS  SUMMARY 


Low  Speed 
(lb) 

High  Speed 
(lb) 

Base  Structure 

Original  base 

525 

525 

rase  extensions 

175 

175 

Back-up  structure  (landing  gear,  engine 

mount,  lifting  lugs,  etc.) 

50 

50 

750 

750 
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TABLE  I  (Cont) 


Low  Speed 
(lb) 

High  Speed 
(lb) 

Ejectors 

Headers 

- 

- 

Nozzles 

- 

- 

Outer  surface 

- 

- 

Center  body 

- 

- 

Flaps 

- 

- 

Mounting  structure 

- 

- 

■ 

800 

800 

Engine  and  Accessories  (dry) 

T  -  58-GE-8  Gas  Turbine 

285 

285 

J-69  compressor 

75 

75 

Drive  shaft  and  compressor  outlet 

20 

20 

T-58  tailpipe  and  vector  control  box 

30 

30 

Engine  mount 

30 

30 

Starter 

15 

15 

Oil  tank  and  plumbing 

10 

10 

465 

465 

Primary  Ducting 

Diffusers  (2) 

30 

30 

Plenum 

40 

40 

Proportioning  valves  (2) 

15 

15 

Rectangular  ducting 

20 

20 

Transitions  (rectangular  to  round) (4) 

20 

20 

Supply  tubes  to  headers  (16) 

75 

75 

200 

200 

Control  System 

Pitch  and  roll  wheel 

10 

10 

Foot  pedals  for  yaw  and  brakes 

10 

10 

Ejector  flap  actuators  (24)  and  servo 

40 

40 

Cables,  push  rods,  cranks,  chain,  pivots 

etc. 

40 

40 

100 

100 
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TABLK  I  (Cont) 


Low  Speed 
(lb) 

High  Speed 
(lb) 

Instruments  and  Electrical  System 
Cockpit  instruments 

20 

30 

Engine  instruments 

15 

15 

Battery 

12 

20 

Generator 

15 

15 

Switches,  circuit  breakers,  panel 
lights,  etc. 

6 

10 

Intercomponent  wiring 

30 

40 

98 

130 

Driver  Accommodations 


Seat 

12 

12 

Windshield  wiper  and  washer 

0 

10 

Seat  belt 

0 

5 

Communications  equipment 

0 

25 

12 

52 

Landing  Gear 


Main  wheels 

30 

30 

Main  wheel  brakes 

0 

10 

Castoring  nose  and  tail  wheels 

20 

50 

60 

Miscellaneous 


Plexiglas  canopy 

0 

55 

Engine  compartment  fairing 

0 

130 

Air  intake  screens 

40 

24 

Lights 

0 

20 

Decking  over  primary  air  supply  ducts 

0 

200 

Inflatable  bumper  around  vehicle 

0 

40 

Fuel  tanks  (2)  and  plumbing 

50 

50 

Cockpit  and  cowl  fairing 

0 

30 

Dashboard  and  consoles 

20 

20 

Windshield  and  frame 

0 

30 

110 

599 
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TABLE  I  (Cont) 


Low  Speed 
(lb) 

High  Speed 
(lb) 

Propulsion  Units  (2) 

Engine,  80-  to  100-hp  Lycoming, 

Continental,  Franklin 

Reversible  pitch  propeller  54  in. 

0 

450 

dia  McCauley 

0 

70 

Engine  mount 

0 

80 

Engine  cowl  and  spinner 

0 

60 

Rudders  (4) 

0 

40 

Engine  accessories  (starter,  oil  cooler. 

tach  gen,  etc.) 

0 

40 

Cockpit  controls  and  instruments 

0 

30 

Fuel  tanks  and  plumbing 

0 

30 

0 

800 

Total  Empty  Weight 

2,585 

3,956 

CONTROLS 


In  keeping  with  the  research  philosophy  of  the  vehicle,  most  of  the 
vehicle  controls  are  presented  to  the  driver  separately.  In  this  man¬ 
ner  a  complete  evaluation  can  be  made  of  the  driver  controls  both 
separately  and  in  various  combinations.  From  these  results,  the 
final  driver  control  system  can  be  evolved  through  the  elimination 
and/or  coordination  of  the  most  effective  schemes.  Figure  4  is  a 
schematic  of  the  initial  driver  controls,  the  functions  of  which  are 
described  below. 

Height 

Moving  a  lever,  located  to  the  left  of  the  driver,  up  and  down. actu¬ 
ates  the  fuel  control  of  the  gas  turbine.  Full-up  position  affects  max¬ 
imum  power  (height), and  down  position  idles  the  engine. 
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:  Fi^jure  4.  Driver  Controls,  Schematic 
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Turbine  -  Pull  Power 
Turbine  -  Idle 

Primary  Control  •  Roll  Right 
Primary  Control  -  Roll  Left 
Primary  Control  •  Pitch  Noae  Down 
Primary  Control  Pitch  Noae  Up 
Right  Turn 
Left  Turn 
Right  Wheel  Brake 
Left  Wheel  Brake 


11.  Right  Propulsion  Unit  Full  Power  Fwd 

12.  Left  Propulsion  Unit  Full  Power  Fwd 

13.  Right  Propulsion  Unit  Full  Power  Aft 

14.  Left  Propulsion  Unit  Full  Power  Aft 

15.  Trim  Control  •  Roll  Right 

16.  Trim  Control  »  Roll  Left 

17.  Trim  Control  -  Pitch  Nose  Down 

18.  Trim  Control  -  Pitch  Nose  Up 
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Directional  Heading  (Yaw) 

Foot  pedals,  similar  to  those  in  light  aircraft,  will  differentially  con¬ 
trol  the  vanes  in  the  exhaust  oi  tiie  lift  engine.  In  this  manner,  the 
residual  thrust  of  the  gas  turbine  is  deflected  to  provide  a  yawing 
moment  during  hover  and  low  forward  speeds.  At  high  forward  speeds, 
aerodynamic  surfaces  (rudders)  will  be  deflected  by  the  same  driver 
control  mechanism  to  provide  the  required  yawing  moment.  In  ad¬ 
dition,  toe  pedals  are  provided  for  individual  braking  of  tfie  two  main 
"landing"  wheels. 

Pitch  and  Roll  (Primary  Control) 

As  was  mentioned  above,  various  combinations  of  driver  controls  are 
available;  this  is  particularly  true  for  the  pitch  and  roll  modes.  From 
the  results  of  studies  described  elsewhere  in  this  report,  a  moment 
may  be  obtained  by  differentially  controlling  the  pressure  in  the  ejector 
primary  nozzles  or  by  changing  the  exit  flap  angle.  Initially,  the 
primary  control  for  pitch  and  roll  will  be  accomplished  by  varying 
the  pressure  in  the  primary  air  lines.  Figure  5  illustrates  the  mech¬ 
anism  used  to  proportion  the  primary  air  supply  with  respect  to  the 
front  and  rear  (pitch)  or  sides  (roll).  There  are  two  such  valves 
which  are  directly  controlled  from  the  driver's  steering  wheel. 

Movement  of  the  wheel  fore  and  aft  will  cause  a  change  in  pitching 
moment  on  the  vehicle.  Rotating  the  wheel  will  cause  the  vehicle 
to  roll  in  the  direction  the  wheel  is  turned. 

Pitch  and  Roll  (Trim  Control) 

A  trim  control  is  provided  primarily  to  correct  for  a  variation  in  the 
center  of  gravity  location.  A  small  "joy  stick"  is  located  to  the  right 
of  the  driver.  This  remotely  controls  the  exit  flap  angles.  The  at- 
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titude  (in  pitch  and  roll)  of  the  vehicle  will  be  changed  by  a  movement 
of  the  lever  in  the  direction  of  the  tilt  required.  This  manual  control 
can  be  replaced  by  an  autopilot,  as  is  discussed  in  detail  in  the  follow¬ 
ing  sections  on  "Stability”  and  "Analytical  Studies"  and  in  Appendix  I. 

A  sketch  of  the  exit  flap  actuator  is  shown  in  Figure  6.  An  inner  flap 
shown  in  this  figure  is  movable,  but  only  by  prior  adjustment.  This 
flap  adjustment  affects  performance  (base  pressure)  rather  than  t  on- 
trol  and  would  be  moved  only  occasionally  in  the  research  test  pro¬ 
gram. 

Forward  FUfeiit 

During  the  hover  and  low-forward-speed  flight  tests, the  residual  thrust 
(125  pounds)  of  the  gas  turbine  is  sufficient  to  move  the  vehicle  to  a 
maximum  speed  of  25  mph.  During  the  hover  phase, the  thrust  is  nul¬ 
led  as  described  earlier  in  the  section  on  directional  control.  For 
high-speed  forward  flighty  provisions  have  been  made  to  accommodate 
separate  forward-flight  propulsion  units. 

STABILITY 

The  results  of  the  two  dimensional  stability  and  control  tests,  shown 
in  a  later  section  of  this  report, "Component  Testing",  indicate  that 
the  inherent  static  stability  will  vary  slightly  with  height  and  angle 
of  tilt.  It  is  also  indicated  that  the  configuration  is  slightly  unstable 
at  some  combinations  of  height  and  tilt  angle.  It  is  well  known  that 
the  static  stability  characteristics  of  the  conventional  annular  jet 
GEM  are  different  in  the  three-dimensional  configuration  than  for  the 
two-dimensional  case.  The  difference  invariably  results  in  the  sta¬ 
bility  properties  over  a  broader  range  of  height  and  angle  of  tilt  than 
is  realized  in  two  dimensions.  Similarly,  the  two-dimensional  stability 
and  control  tests  are  intended  only  to  show  basic  trends  and  order  of 
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Figure  6.  Exit  Flap  Actuator 


magnitude.  Based  on  the  test  results  of  both  the  two-dimensional 
and  three-dimensional  corner  models  and  on  previous  tests  of  a  small- 
scale  three-dimensional  model  (Keference  2)  and  large-S(  ale  three- 
dimensional  vehi(  le  (Reference  3),  it  is  concluded  that; 

1.  The  vehicU;  will,  for  all  practical  pur  poses,  have  neutral  sta¬ 
bility  over-  the  major  portion  of  the  height  and  tilt  range  and 
will  probably  have  a  small  amount  of  positive  static  stability 
at  a  normal  cruising  condition  (height  =  18  inches,  tilt  =  ±3 
degrees). 

2.  A  relatively  lar*ge  control  moment  is  available  either-  by  var-y- 
ing  the  primary  pressui-e  in  the  ejectors  err  by  varying  the  exit 
flap  angle.  The  relative  effects  of  each  tmrde  of  contr  ol  are 
additive;  therefore,  it  is  proposed  that  each  method  be  evaluated 
separately  and  that  one  method  be  used  as  a  primary  vehicle 
control  and  the  other  for  a  trim  or  stabilizing  control. 

3.  The  control  moment  response  time  is  estimated  to  be  relatively 
low  (on  the  order  of  50  milliseconds). 

4.  Serious  consideration  should  be  given  the  use  of  an  autopilot  in 
the  pitch  and  roll  planes  to  apply  automatically  the*  required 
trim  moments.  In  a  later  section  of  this  report,  "Analytic  al 

and  in  Appendix  1,  the  apparent  advantages  of  an  auto¬ 
pilot  are  shown  to  outweigh  signif ic  antly  the  disadvantages  nor¬ 
mally  associated  with  tins  type  of  installation.  This  is  shown 
not  only  for  the  recirculation  type  GKM  but  also  for  the  con¬ 
ventional  annular  configuration,  provided  large,  fast-ac  ting  con¬ 
trol  moments  are  available. 
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PROPULSION  (LIFT) 


The  power-plant  installation  consists  of  a  General  Electric  T-58 
turbine  directly  coupled  to  the  first-stage  compressor  of  a  Con¬ 
tinental  J-69.  This  configuration  was  chosen  because  of  component 
availability,  the  compatibility  of  the  two  units  with  regard  to  speed 
of  rotation,  power  output,  etc.,  and  because  the  output  of  the  com¬ 
pressor  (pressure  and  mass  flow)  matches  the  requirements  of 
ejector  Model  1  very  well.  As  shown  in  Table  I  the  combined  weight 
of  the  complete  unit  is  only  465  pounds.  This  unit,  as  is,  is  capable 
of  delivering  a  maximum  of  650  air  horsepower  of  primary  air  (820 
shaft  horsepower  from  T-58).  Power  is  currently  limited  by  the 
capacity  of  the  J-69  compressor,  but  with  no  increase  in  weight  the 
output  could  be  increased  to  slightly  over  1000  air  horsepower 
(1250  shaft  horsepower  from  T-58).  This  provides  a  power-plant 
installation  of  0.37  pound  per  horsepower  from  essentially  existing 
ha  rdware. 

PROPULSION  (HIGH-SPEED  FORWARD  FLIGHT) 

.As  a  later  modification,  provisions  have  been  made  for  two  aircraft- 
type  reciprocating  engines  of  80  to  100  horsepower  each.  These 
can  be  mounted  on  either  side  of  the  aft  end  of  the  vehicle  for  pro¬ 
pulsion  and  various  degrees  of  control.  Each  unit  would  be  mounted 
symmetrically  between  two  vertical  fins  having  rudders  on  their 
aft  edges,  thereby  allowing  a  propulsion  package  to  be  mounted  on 
each  side  of  the  vehicle.  A  54-inch-diameter  reversible-pitch  pro¬ 
peller  will  provide  approximately  500  pounds  of  thrust  given  a  total 
installed  thrust  of  1000  pounds^enough  to  allow  forward  speeds  in 
excess  of  60  knots,  and  a  grade  capability  of  16  percent  (vehicle 
weight  at  5000  pounds). 
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The  twi)  pr  opulsion  units  will  be  mounted  8  feet  apart  athwartship, 
and  by  operating  one  unit  with  forward  pitch  and  the  other  in  reverse-, 
up  to  an  800()*foot-pound  yawing  rnoirretrt  can  be  applied  to  the  vehi<  le. 
Operating  both  units  in  reverse  will  provide  effective  braking  and  (  ori- 
trol  during  downhill  maneuvering.  The  fins  and  rudders  will  provide 
directional  stability  and  control  at  higher  forward  speeds,  Installi  d 
weight  of  the  propulsion  system  including  empty  fuel  tanks  would  be 
approximately  800  pounds,  as  shown  in  Table  I, 

MISCELLANEOUS  CONSIDERATIONS 

Noise 

Reduction  of  turbine  and  compressor  noise  levels  in  the  cockpit  area 
and  to  the  sides  of  the  vehicle  can  be  accomplished  by  installing  fiber¬ 
glass  batts  or  similar  material  inside  the  engine  compartment  and  on 
the  bulkheads.  The  design  of  the  inlet  and  exit  is  such  that  there  is  no 
straight-line  radiated  noise  at  ground  level. 

Bumper 

An  inflatable  bumper  with  a  semicircular  cross  section  can  be  mounted 
around  the  periphery  of  the  ejectors  close  to  the  bottom  of  the  vehicle. 
This  will  provide  protection  to  the  structure  and  flap  mechanism  and 
will  contribute  to  the  flotation. 

Landing  Gear 

Aircraft-type  wheels  will  be  mounted  just  aft  of  the  CG  of  the  vehicle 
approximately  7  feet  apart  and  will  contain  individual  brakes.  Three- 
hundred-sixty-degree  castor  -  type  tail  wheels  will  be  mounted  at  the 
front  and  rear,  1  inch  to  2  inches  higher  than  the  main  gear.  There¬ 
fore,  essentially  all  of  the  weight  of  the  vehicle  is  carried  by  the  main 
wheels,  but  either  end  may  be  pushed  down  by  a  man's  weight  to  (  on- 
tact  one  of  the  castor  wheels  for  ground  handling.  Differential  braking 
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on  the  main  wheels  will  aid  in  maneuvering  on  the  ground  when  not 
c  ushion  borne.  In  addition,  the  use  of  General  Motors  Hovair  Pads 
appears  to  romplement  this  system  very  well.  At  low  speeds  on  a  pre¬ 
pared  surfac  e,  the  overload  capability  would  exceed  20,000  pounds  and 
be  limited  only  by  structural  considerations  of  the  vehicle. 

Ground  Handling 

Lifting  eyes,  jack  points  and  a  tow  bar  lug  will  be  provided  to  aid  in 
the  local  moving,  maintenance,  and  transportation  of  the  vehicle,  A 
boarding  ladder  and  tether  points  will  also  be  installed. 

Flexible  Skirts 

As  a  part  of  the  initial  test  program,  flexible  skirts  will  be  attached 
to  the  under  side  of  the  vehicle  base.  Essentially,  the  skirt  is  an  ex¬ 
tension  of  the  inner  inlet  of  the  recirculating  ejector.  It  tends  to  re¬ 
duce  the  turning  radius  of  the  recirculating  air  curtain  in  a  manner 
similar  to  the  conventional  annular  jet  configuration. 

DRAWINGS 

As  a  part  of  this  preliminary  design  effort,  engineering  drawings  have 
been  completed  and  are  tabulated  below: 

GMC  1302  -  Research  Vehicle  General  Arrangement 
GMC  1303  -  Research  Vehicle  Structural  Arrangement 
GMC  1304  -  Research  Vehicle  Engine  Mount 
GMC  1305  -  Research  Vehicle  Primary  Air  Supply  System 
GMC  1306  -  Research  Vehicle  Schematic  -  Primary  Air 
System 

GB  2102  -  Turbine  and  Compressor,  Installation 
GB  2103  -  Turbine  and  Compressor  Mount  and  Connection  (2 
sheets) 
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GB  21U6  -  Turbine  and  Compressor  Instrumentation  and  Op¬ 
eration 

GB  2107  -  'I'urbine  and  Compressor  Drive  Shaft 
GB  7005  -  Half-Scale  Quarter  Model 

GB  7006  -  Half-Scale  Quarter  Model  Bjector  Corner  Lines 
GB  7015  -  Half-Scale  Quarter  Model  Pressure  Tap  Locations 


PERFORMANCE  SUMMARY 

The  following  tabulation  is  a  summary  of  the  anticipated  overall  per¬ 
formance  of  the  initial  vehicle  (low-speed  configuration).  In  addition, 
Figure  7  shows  the  lift  variation  with  height. 

Height 

Normal  cruise:  18  inches  with  3000-pound  payload 
Maximum:  24  inches,  minimum  gross  weight 
Overload:  12  inches  with  6000-pound  payload 
Skirts  to  be  installed  (removable)  to  investigate  maximum 
cruise  height  and/or  minimum  power  at  a  constant  height 

Forward  Speed 

0  to  25  miles  per  hour  at  18  inches  height 
Stability  (Static) 

Heave:  dP^^/dh  >  -  10,  from  h  =  6  to  24  inches 


Pitch: 

Roll: 


fjWy  do  _ 


L 

L  X  w 


=  to  -0.010,  for  -3  deg  <  o  +3  deg 


=  0  to  -O.OlO,  for  -3  deg  ^  4,  ^  +3  deg 


Variable 

> 


Yaw;  Neutral  stability 
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0  6  12  It  24 

Height  (inches) 

Figure  7.  Performance,  Lift  Versus  Height 
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C'ontfol 


Pitch:  ytl  -  4()(K)  foot-pounds 

max 

Hull:  jC  ■  1800  foot-ptujuds 

*  max 

*) 

Yaw:  dii^/dt'^  =  j’adians  per  second  squar  ed 

Maneuver 

Acceleration:  0.03g 
Deceleration:  O.lg 

Turning  radius:  0  at  V  =  0;  800  feet  at  V  =  25  miles  per  hour 
Slope:  5  degrees  from  standing  start 
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In  sijp|H»it  of  til.-  |.ri*liniinarv  ilfsi^fii  of  tin-  ifsoanli  Vfliu  h-,  t*  was 
lu  ri-ssai  v  to  icmdoct  a  limited  experimental  investijjatioii.  Addi- 
tion.il  information  was  required  on  tlie  stability  and  control  charac¬ 
teristics  and  on  the  new  vehicle  corner  desi^jn  of  the  Model  I 
ejector  configuration.  An  existing  two-dimensional  stability  and 
control  tunnel  was  modified  as  per  the  new  configuration  and  was 
tested.  To  determine  the  effect  on  performance  of  the  new  plan- 
form,  a  half-scale  quarter  model  was  designed,  fabricated,  and 
tested. 

TWO-DIMENSIONAL  MODEL  TESTS 
Description  of  Model  and  Instrumentation 

The  half-scale,  two-dimensional  stability  and  control  model  (Fig¬ 
ures  8,  9.  and  10)  is  to  scale  with  the  width  of  the  research  vehicle. 
Construction  is  of  plywood  and  Plexiglas  with  the  exception  of  the 
contoured  portions  of  the  ejector,  which  are  sheet  aluminum  on  ply¬ 
wood  frames,  and  the  primary  nozzle  and  header  assembly^ which  is 
a  welded  steel  structure.  The  primary  nozzle  and  header  assembly 
!s  mounted  as  shown  in  Figure  11.  This  method  of  mounting  allows 
freedom  of  nozzle  location  over  a  range  of  several  inches  and 
through  a  range  of  angles. 

Changes  n  both  angle  and  height  may  be  simulated  by  adjusting  the 
ground  bo.ird.  A  centerboard  insert  has  been  provided  to  allow 
cithc:  omplete  or  partial  separation  of  the  opposing  ejectors. 

.SI  ftp  air  compressors  at  about  100  psi  supply  air  which  is  piped 
through  two  separate  lines  to  the  ejector  nozzles  on  each  side  of  the 


I 
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Figure  8.  Two-Dimensional  Stability  and  Control  Model 


Rlfht  Hand  Ejector 


Figure  9.  Stability  and  Control  Model  Geometry,  Sketch 
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Figure  11.  Primary  Nozzle  Installation 
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model.  Air  is  regulated  to  the  desired  primary  pressures  of  4  to  7 
psig,  and  an  orifice  meter  is  used  to  measure  the  mass  flow. 

The  orifice  flowmeter  instrumentation  consists  of  a  mercury  U- 
tube  for  measuring  the  pressure  drop  across  the  flowmeter,  a 
Bourdon-type  pressure  gage  for  determining  the  line  pressure,  and 
a  dial  thermometer  for  measuring  the  line  temperature.  Mercury 
manometers  are  used  to  measure  the  pressure  in  the  nozzle  head¬ 
ers  for  most  of  the  tests  reported  herein. 

To  allow  the  determination  of  forces  and  moments  acting  on  the 
model,  the  instrumentation  is  designed  to  integrate  the  components 
of  pressure  acting  on  all  the  surfaces  of  the  model  and  ground  board. 
Pitot-static  rakes  are  mounted  in  the  exit  flows  of  both  ejectors. 
Pressure  taps  and  the  rakes  are  connected  to  a  bank  of  inclined 
water  manometer  boards.  Figure  12  shows  the  location  of  all  pres¬ 
sure  taps  on  the  model. 

Test  Procedures  and  Data  Reductions 

Forces  and  moments  were  determined  by  a  computer  integration  of 
the  pressures  in  the  separate  regions  of  the  model.  Preliminary 
evaluation  of  this  procedure  indicated  that  a  lateral  pressure  vari¬ 
ation,  principally  in  the  mixing  section  of  the  ejector,  frequently 
causes  a  significant  error  in  the  recorded  moment.  This  occurs  be¬ 
cause  the  moment  is  determined  by  obtaining  small  differences  from 
relatively  large  numbers;  i.e.,  the  difference  between  the  integrated 
static  pressure  force  on  the  surfaces  of  the  two  ejectors  results  in  a 
moment.  However,  for  the  determination  of  the  lift  force,  this  con¬ 
dition  does  not  exist.  Correcting  for  a  lateral  pressure  variation 
would  require  either  fairing  the  pressure  data  prior  to  performing 
the  integration  or  reinstrumenting  the  model  completely.  Such 
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procedures  were  deemed  too  time  consuming  to  fit  within  the  testing 
schedule.  Instead,  the  pressur€?s  acting  on  the  ground  boarci,  which 
are  the  result  of  the  vertical  force  acting  on  the  model,  were  inte¬ 
grated  to  determine  the  moment.  The  main  limitation  of  this  pro¬ 
cedure  is  that  the  ground  board  only  discriminates  the  components 
normal  to  it,  whereas  integration  of  the  pressures  in  the  model 
discriminates  between  both  normal  and  side  forces.  As  a  conse¬ 
quence,  the  side  force  vector  produced  in  the  model  shifts  the  pres¬ 
sure  distribution  on  the  ground  board  and  yields  a  small  extraneous 
moment.  The  correction  equation  for  side  force  moment  is 
ATTI  =  -  (h  sin  or)  L. 

The  test  procedure  requires  setting  the  geometry  of  the  model, 
which  includt;  -r.t  flap  angles,  nozzle  location,  ground  board  height, 
and  angle.  Thereafter,  the  primary  pressure  in  the  headers  on 
either  side  of  the  model  is  varied.  After  all  pressures  in  the  model 
have  reached  a  steady  condition^the  manometer  readings  are  made 
and  recorded  on  IBM  loading  forms. 

An  error  analysis  of  the  instrumentation,  test  procedure,  and  data 
recording  techniques  is  presented  in  summary  form  in  Table  II. 
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TABLE  II 


SUMMARY  OF  MAXIMUM  POSSIBLE  ERRORS 


Type 

Range  of 

Run  Numbers 

Lift 

(Ib/ft) 

Moment 

(ft-lb/ft) 

Manometer  Board 
Resolution  and  Tilt 

0-300 

±2.5 

±2.0 

Angle 

300-500 

±1.44 

±1.15 

Primary  Pressure 

0-200 

±1.0 

±3.75 

Instrumentation 

200-400 

±4.3 

±1.83 

Instrumentation 

400-500 

±2.0 

±0.735 

Ground  Board 

0-200 

Negl 

±8.33 

Misalignment 
Manometer  Time 

20'^  f  0 

Negl 

±1.5 

Lag 

Integration 

0-500 

Negl 

±0.75* 

Technique 

Side  Force 

0-500 

Negl 

±3.0* 

Correction 

Flap  Angle 

200.500 

Negl 

1.4-  3.5* 

Setting 

0-500 

Negl 

±1.0 

♦  Nominal  rather  than 

maximum  values. 

Discussion  of  Experimental  Data 


The  purpose  of  this  experimental  program  is  to  obtain  data  on  sta¬ 
bility  and  control  for  use  as  a  design  guide  on  the  experimental 
vehicle. 

Tables  III  and  IV  present  a  run  schedule  and  summary  of  pertinent 
data  for  all  of  the  stability  and  control  tests  that  were  performed. 
Figure  9  is  useful  for  defining  the  geometric  variables  that  are  used 
in  the  run  schedule.  Comments  applying  to  each  set  of  entries  indi¬ 
cate  either  the  purpose  of  the  run  or  the  limitations  applied  to  the 
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data.  "Nozzle  .Sealed  "  indicates  that  the  holes  in  the  outer  ejector 
wall  through  which  tlie  nozzles  pi*otru(le  were  seal(?(l,  pieventing 
leakage  into  or  out  of  the  internal  passage.  Inlet  Open  "  means  that 
the  nozzle  slots  were  open  so  that  they  acted  as  vents.  Karly  in  the 
program,  runs  1  through  156,  the  significance  of  sealing  the  nozzle 
slots  was  not  realized, and  the  nozzle  slots  were  left  partially  open 
but  in  an  uncontrolled  fashion.  The  effects  of  open  nozzle  slots  are 
manifested  by  entraining  atmospheric  air  into  the  internal  flow  at 
the  higher  height  and  by  exhausting  internal  air  at  the  lov/er  height. 
No  internal  pressure  data  were  recorded  for  controlled  nozzle  slot 
conditions;  thus,  the  data  for  the  early  runs  are,  for  the  most  part, 
qualitative  in  nature.  However,  some  data  taken  at  the  9- inch  height 
(minimum  nozzle  slot  effects)  are  used  for  establishing  control  ef¬ 
fectiveness  increments. 

As  a  further  note  of  explanation,  the  control  moment  and/or  lift  in¬ 
crement  is  defined  as  the  difference  of  moment  and/or  lift  between 
the  condition  of  controls  engaged  and  no  control  at  comparable  con¬ 
ditions  of  height  and  angle  of  attack;  that  is, 

A  M  -nm(A6,  AP'  ,  a,  h)  -  'fflia,  h) 

o 

A  L  =  L  (A6,  AP  ,  o,  h)  -  1.  {a,  h) 

o 

Figure  13  presents  a  typical  plot  of  base  pressure  versus  height  for 
the  nozzle  slots  sealed  and  open.  The  reduction  in  base  pressure 
below  a  9-inch  height  is  considerable  foi  the  open  condition.  It 
should  be  emphasized  that  these  data  are  plotted  from  the  tests  of  a 
half  scale  model,  and  linear  dimensions,  such  as  height,  should  be 
doubled  to  visualize  the  data  for  a  full-scale  machine. 

Varying  the  exit  flaps  10  degrees  from  the  nominal  setting  produces 
the  effect  of  base  pressure  shown  in  Figures  14  through  16.  At  the 
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Figure  15.  Base  Pressure  Versus  Height,  Figure  16.  Base  Pressure  Versus  Height 

6i  =  30“.  6o  =  30  ±  10*  6,-  =  40%  6^  =  30  ±  10' 
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lower  heights,  the  most  obvious  effect  of  a  flap  angle  change  appears. 
The  base  pressure  curve  is  relatively  linear  over  the  normal  oper¬ 
ating  height;  however,  the  height  at  which  the  maximum  base  pres¬ 
sure  occurs  is  dependent  on  the  exit  flap  angle.  It  can  be  seen  from 
Figures  17  through  19  that  for  a  corresponding  flap  angle  the  cavity 
pressure  is  also  affected.  In  addition  to  illustrating  the  effect  of  the 
exit  flap,  this  series  of  curves  (Figures  14  through  19)  also  indicates 
that  the  momentum  flux  of  the  recirculating  curtain  remains  rela¬ 
tively  constant  at  a  given  height.  Across  the  curved  jet, the  static 
pressure  gradient  is  a  direct  indication  of  the  strength  of  the  curtain 
(at  a  given  height).  It  can  be  seen  that  the  reduction  in  base  pres¬ 
sure  at  the  lower  heights  is  approximately  equal  to  the  change  in 
cavity  pressure. 

It  appears  worthwhile  to  speculate  on  the  possible  use  that  may  be 
made  of  this  ability  to  change,  in  effect,  the  slope  of  the  lift  curve 
(by  either  venting  at  the  nozzle  or  varying  exit  flap  angle).  In  a  fol¬ 
lowing  chapter,  "Analytical  Studies",  it  is  shown  that  this  feature 
could  be  extremely  worthwhile  in  forward  flight.  The  natural  fre¬ 
quency  of  the  vehicle  in  heave  is  primarily  a  function  of  the  slope  of 
the  lift  curve.  If  the  frequency  of  a  forcing  function  occurs  near  the 
vehicle  natural  frequency,  such  as  may  occur  over  water,  then  the 
ability  to  alter  the  natural  frequency  of  the  vehicle  would  be  an 
important  feature.  Preliminary  estimates  involving  a  range  of 
forward  speed,  sea  conditions ,  and  GEM  heave  characteristics  in¬ 
dicate  that  this  is  a  potential  problem  area. 

1.  Stability 

Figures  20  and  21  present  the  moment  curves  for  the  model  with 
the  inlet  sealed.  Figures  22  and  23  present  the  same  data  with  the 
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Figure  19.  Cavity  Pressure  Versus  Height*  Figure  20.  Moment  Versus  Angle  at  Constant 
^i  =  6o  *  30  ±  10*  Lift.  Inlet  Sealed 


w/qi-i 


^  10.0 


Figure  23.  Moment  Versus  Angle  at  Various  Heights.  Inlet  Open 
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inli't  open.  These  moment  curves  are  a  measure  of  the  two* 
dimensional  static  stability  of  the  model  with  the  usual  negative 
moment  slope,  indicating  a  stable  variation.  The  results  of 

this  investigation  indicate  that  the  sealed  two-dimensional  configura* 
tion  is  slightly  unstable  at  some  combinations  of  height  and  tilt  and 
slightly  stable  at  others.  Considering  the  amount  of  destabilizing 
moment  and  the  accuracy  of  the  data  (probable  error  of  approxi¬ 
mately  ±3  foot-pounds),  the  configuration  is  considered  to  be,  es¬ 
sentially,  neutrally  stable. 

2.  Control 

Three  control  devices  were  evaluated:  differential  primary  pres¬ 
sure,  differential  flap  angle  variations,  and  asymmetric  inlet  ex¬ 
tension.  The  inlet  extension  control  configuration  consisted  of 
varying  the  length  of  one  inlet  extension  with  respect  to  the  other. 

This  investigation  was  completed  in  its  entirety  with  the  nozzle  slots 
open;  therefore,  the  results  are  considered  to  be  inconclusive.  Size¬ 
able  moments  were  obtained  but  they  were  usually  nonlinear  and  fre¬ 
quently  exhibited  a  control  reversal.  This  concept  appears  to  warrant 
future  consideration;  but  since  the  other  devices  investigated  were 
very  effective  and  mechanically  simpler,  the  investigation  was  not 
repeated  with  the  nozzle  slots  sealed. 

The  control  moment  due  to  differential  primary  pressure  at  various 
heights  is  shown  in  Figures  24  and  25.  The  control  moment  at  a  dif¬ 
ferential  pressure  of  1  psi  is  reasonably  large,  as  extrapolated  to  the 
full-scale  vehicle.  A  moment  of  30  foot-pounds  per  foot  is  equivalent 
to  a  full-scale  rolling  moment  of  approximately  960  foot-pounds.  This 
control  moment  was  obtained  by  testing  with  one  ejector  at  5  psig 
and  the  other  at  6  psig.  Extrapolating  the  data  to  5  and  ?  psig,  a  max¬ 
imum  rolling  moment  of  1800  foot-pounds,  full  scale,  would  occur. 
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Figure  24.  Control  Moment  Versus  Figure  25.  Control  Moment  Versus 

Differential  Primary  Pressure  Height  When  A  Po'  =  1  psi 

When  h  s  9  Inches 


Control  moment  due  to  differential  flaps  appears  in  Figure  26.  The 
trend  of  increasing  control  capability  with  increasing  height  is 
clearly  indicated.  The  model  was  tested  with  a  combined  differen¬ 
tial  flap  setting  of  approximately  12  degrees.  It  is  obvious  that  ex¬ 
treme  flap  angles  would  affect  the  performance  of  the  ejector,  but 
there  was  no  indication  that  the  ±15*degree  flap  setting  was  approach* 
ing  a  limit  except  at  the  maximum  heights.  The  combined  effect  of 
flap  angle  and  differential  primary  pressure  is  shown  in  Figure  27. 

The  combination  of  flaps  and  differential  primary  pressure  exhibited 
the  strongest  control  effectiveness  of  all  configurations  tested. 
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THREE-DIMENSIONAL  MODEL  TESTS 


Previous  investigations  (References  2,  3,  and  4)  have  shown  that 
particular  attention  should  be  given  to  the  design  of  the  corner  con¬ 
figuration  of  the  recirculation  concept,  because  losses  in  the  overall 
lifting  capability,  ranging  from  1  to  20  percent,  have  occurred,  de¬ 
pending  on  the  corner  design.  In  arriving  at  a  final  configuration, 
consideration  was  given  not  only  to  the  internal  and  external  aero¬ 
dynamics  of  the  air  curtain  but  also  to  fabrication  techniques,  to 
vehicle  control  devices  and  planform,  and  to  probable  future  modi¬ 
fications  (such  as  for  over  water  and  for  high-speed  forward  flight). 

A  corner  configuration  was  designed  and  a  brief  experimental  in¬ 
vestigation  was  conducted  to  determine  the  anticipated  full-scale 
three-dimensional  performance.  There  are  some  obvious  limita¬ 
tions  to  the  interpretation  of  these  data  from  the  test,  because  the 
model  is  not  a  true  three-dimensional  model.  The  recorded  lift,  as 
a  function  of  height,  primary  pressure,  and  exit  flap  angle  is  valid 
and  requires  no  correction.  However,  the  complete  three-dimensional 
effects  of  variables,  such  as  different  inlet  extension  sizes  and 
shapes,  surface  roughness,  and  over-water  operation  on  vehicle 
performance  must  be  determined  from  the  full-size  test  vehicle. 

Description  of  Models  and  Instrumentation 

1.  Module  Corner  Model 

As  mentioned  above,  the  basic  design  of  the  corner  configuration  in¬ 
volves  numerous  considerations.  The  detail  design  involves  not  only 
the  vehicle  planform  but  the  internal  dimensions  of  the  ejector  as 
well.  In  order  to  maintain  the  proper  performance  in  the  ejector, 
certain  area  ratios,  such  as  the  relationship  between  the  area  at  the 
inlet,  the  end  of  the  mixing  section,  and  the  exit,  must  bt  maintained. 
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Obviously,  the  characteristic  width  of  the  corner  ejector  will  in¬ 
crease  radially;  therefore,  the  thickness  must  be  reduced  propor¬ 
tionally.  This  results  in  an  exit  air  curtain  which  is  relatively  thin 
in  comparison  to  the  flow  from  the  sides,  front,  and  rear  ejectors. 
For  these  reasons,  and  those  mentioned  above,  a  modular  form  of 
construction  was  used.  This  permitted  fabricating  and  testing  one  of 
the  units  prior  to  the  commitment  of  the  design  to  all  units. 

The  module  corner  model  was  designed,  fabricated  in  the  existing 
two-dimensional  tunnel,  and  tested.  The  results  were  incorporated 
in  the  design  of  the  remaining  units.  Figure  28  shows  the  side  and 
top  views  of  this  model.  Special  features  such  as  the  individual 
alignment  of  the  primary  nozzles,  static  pressure  taps  throughout, 
and  exit  rakes  were  provided  in  the  original  unit. 

The  primary  objective  of  this  test  was  to  determine  the  basic  feasi¬ 
bility  of  the  design  and  to  provide  detail  design  information,  such  as 
the  required  individual  nozzle  flow  angle  and  exit  flap  angle.  For  the 
most  part,  the  tests  were  conducted  at  one  primary  pressure  (5  psig) 
and  one  height  (equivalent  to  18  inches  full  scale).  The  results, 
shown  in  Table  IV,  indicate  that  the  performance  is  adequate  and  that 
the  effect  of  nozzle  alignment  is  important.  No  separate  data  were 
recorded  on  the  effect  of  the  exit  flap  since  the  optimum  flap  angle 
did  not  change  with  respect  to  nozzle  alignment.  The  configuration 
chosen  for  the  corner  model  is  shown  in  Table  V  as  Run  No,  4.  At  a 
primary  pressure  of  5  psi  and  a  height  of  9  inches,  with  the  pressure 
survey  rakes  removed  from  the  exit  flow,  the  base  pressure  received 
was  12.8  psf.  This  corresponds  to  a  base  pressure  of  15.3  psf  ob¬ 
tained  from  the  normal  two-dimensional  configuration  under  similar 
test  conditions. 
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Figure  28.  Corner  Module  Model 
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TABLE  V 


NOZZLE  ALIGNMENT  EFFECTS 


Flow  Angle  (degrees) 

Run 

No. 

Nozzle 
No.  1 

Nozzle 
No.  2 

Nozzle 
No.  3 

Nozzle 
No.  4 

P 

c 

1 

0 

0 

0 

0 

11.3 

2 

+2 

0 

0 

-2 

11.8 

3 

3 

1 

-1 

-3 

11.3 

-0.45 

4 

4 

2 

-2 

-4 

11.9 

0 

5 

6 

3 

-3 

-6 

12.1 

0 

6 

10 

5 

-5 

-10 

11.7 

0 

7 

12 

6 

-6 

-12 

11.7 

0 

8 

+  1 

+  1 

+  1 

+  1 

10.8 

-0.45 

9 

+2 

+2 

+2 

+  2 

10.6 

0 

10 

+4 

+4 

+4 

+4 

10.6 

0 

11 

+8 

+8 

+8 

+8 

9.2 

0 

12 

10 

10 

10 

10 

8.8 

0 

Note:  a)  Pq  '  =  5.0  psig 

b)  m'  =  0.343  Ib/sec-ft 

c)  6i  =  38%  6q  =  45“ 

d)  Pressure  survey  rakes 

in  exit  flow. 

2.  Half-Scale  Quarter  Model 

The  corner  model  is  a  1/ 2-scale  quarter  section  of  the  research 
vehicle.  Figure  29  is  the  l/2-scale  quarter  model  assembly  draw¬ 
ing.  Figures  30  through  33  are  photographs  of  the  model  and  support 
equipment.  Plywood,  aluminum,  and  steel  are  the  principal  mate¬ 
rials  used  in  the  fabrication  of  the  model  and  its  associated  equip¬ 
ment.  The  model  is  adjustable  to  3-,  6-,  9-,  12-,  and  18- inch 
heights;  and  the  attitude  of  the  header  assembly  is  completely  ad¬ 
justable.  The  following  paragraphs  describe  the  model  and  its  equip¬ 
ment  more  fully. 
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Figure  29.  Assembly  Drawing  on  Corner  Model 


Figure  31.  Three-Quarter  View  of  Model 
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Figure  32.  Primary  Airlines,  Quarter  Model 


Figure  33.  Instrumentation  and  Test  Setup, 
Quarter  Model 
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The  support  structure  consists  of  a  rectangular  platform  and  two 
vertical  center  boards,  84-3/4  inches  wide,  108-3/4  inches  long, 
and  4-3/8  inches  high.  The  platform  is  plywood-covered  to  ensure 
smooth  terrain  for  test  purposes.  Vertical  centerboards  replace 
the  planes  of  symmetry  and  also  provide  support  for  the  model. 

The  1/ 2-scale  quarter  corner  model  consists  of  the  base,  the 
ejectors,  and  the  header  assembly.  The  model  base  is  a  36-inch  by 
62.09-inch  rectangle  with  one  corner  modified  by  a  series  of  chords 
of  four  equal  arcs  totaling  90  degrees.  Recirculating  ejectors  are 
attached  to  the  base. 

Ejector  internal  lines  for  the  side,  front,  and  corner  sections  are 
shown  in  Figure  34.  Lines  for  the  side  and  front  ejectors  were 
scaled  from  earlier  ejectors.  The  corner  ejector  lines  are  also 
from  earlier  ejectors  but  are  to  maintain  a  constant  internal  area 
for  the  expanding  corner  planform.  The  inlet  dimensions  of  each 
ejector  reflect  an  AR  =  47.6  (AR  =  area  of  ejector  inlet/exit  area  of 
nozzles).  Made  from  aluminum  sheet,  the  internal  air  passage  is 
formed  to  the  required  contour.  Surfaces  of  the  passages  were 
painted  and  sanded  to  provide  a  uniform,  smooth  surface. 

The  different  ejector  sections  are  shown  in  Figure  34.  Outer  surface 
dimensions  of  the  corner  ejectors  were  identical  to  the  other  ejec¬ 
tors.  This  provided  a  continuous,  smooth,  outer-exit  jet  surface. 

Exit  flaps  were  located  on  the  inner  and  outer  surfaces  of  each 
ejector  section. 

Header  nomenclature  and  dimensions  are  presented  in  Figure  35. 

The  header  nozzle  configuration  used  in  this  test  was  based  on  a 
header  design  which  was  developed  during  previous  test  programs. 
Separate  header  assemblies  were  used  to  ensure  an  even  distribution 
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Figure  34.  Comparison  of  Side  and  Corner  Ejector  Internal  Line 


K  jrc  tor 

Dimension 

a 

Dimension 

b 

Dimen.'i  ion 

Area  jht 
No//  le 

Side 

38.25 

J.OO 

2A>U 

i'.U) 

F  ront 

12.81 

J.OO 

2.88 

0. 13:> 

Co  rner 

\ 

9.81 

3.0(1' 

2.88 

(J  138 

C’omer 

2 

9.81 

3.00' 

2.86 

0.138 

Co  me  r 

3 

9.81  ' 

3.00' 

2.88 

0.  ’  38 

C'orner 

4 

9.81  ’ 

3.00 

2.68 

0.138 

Figure  35.  Header  Nomenclature  and 
Dimensions 


of  pressure  and  mass  flow  to  each  nozzle.  This  allowed  flexibility 
in  the  choice  of  primary  (header)  pressure,  ,  to  provide  for 
alternate  header  location  with  respect  to  the  ejector  inlet,  and  to 
facilitate  header  fabrication  and  assembly.  Each  nozzle  of  the 
corner  headers,  as  shown  in  Figure  36,  has  a  prescribed  angular 
orientation  based  on  test  data  from  the  module  corner  model. 
Angular  orientation  of  the  nozzles  is  shown  in  Figure  35.  Orienta¬ 
tion  of  the  primary  flow  for  the  side,  front,  and  rear  ejectors  is 
directed  parallel  with  the  walls  of  the  mixing  section. 

Test  Procedures  and  Data  Reduction 

1.  Model  Calibration 

The  quarter  model  was  instrumented  with  approximately  300  pres¬ 
sure  orifices  to  measure  the  base,  inlet,  exit,  and  internal-flow 
static  pressures  and  the  total  pressures  in  the  flow.  Additional 
instrumentation  measured  the  header  pressures,  pressure  drop  of 
flowmeter,  and  the  plenum  tank  pressure.  These  pressures  were 
measured  on  multiple  tube  manometer  boards  and  U-tubes.  The 
manometer  boards  were  adjusted  to  a  30-degree  tilt  from  the  verti¬ 
cal  and  used  water  as  a  working  fluid.  The  pr  imary  air  temperature 
was  measured  by  a  dial  thermometer.  Figures  37  and  38  present 
the  pressure  tube  locations. 

The  individual  primary  nozzle  sections  were  calibrated  for  mass 
flow,  total  pressure  at  the  nozzle  exit,  and  exit  flow  angularity. 

The  flow  angularity  test  consisted  of  pumping  water  into  the  header 
supply  pipe  and  measuring  the  resulting  flow  angles.  Table  VI  sum¬ 
marizes  the  flow  angularity  test  results,  and  Figures  39  and  40  aie 
photographs  of  this  calibration.  From  ther>e  data,  it  can  be  seen  that 
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Corner 
Ejector  No.  4 


Corner  ’ 
Ejector  No.  3 


Corner 
Ejector  No.  2 


Corner 
Ejector  No.  1 


Headers 


Side  Ejector 


Nozzles 


Figure  36.  Header  and  Nozzle  Locations 
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Top  View 
Side  Ejector 


32A 


Section 

Area 

(Square  Inch) 

Percent  of 
Area 

27 

34.4 

6.33 

28 

41.3 

7.60 

29 

48.1 

8.85 

29A 

10.9 

2.01 

30 

103.8 

19.1 

31 

124.8 

23.0 

32 

145.0 

26.7 

32A 

32.8 

6.04 

33-1 

47.1 

5.93 

34-1 

45.4 

5.72 

35-1 

56.9 

7.17 

36-1 

49.6 

6.25 

33-2 

47.1 

5.93 

34-2 

45.4 

5.72 

35-2 

56.9 

7.17 
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Figure  38.  Ai  ca  Section  of  Cavity 
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Figure  39.  Header  Calibration  Test 
(Front  View) 


Figure  40.  Header  Calibration 
Test  (Side  View) 
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none  of  the  corner  ejectors  has  the  desired  flow  anjjle  distribution 
as  determined  from  the  module  corner  model  tests. 

TABI.E  VI 


NOZZLE  ANGLE  CALIBRATION 


Header 

Assembly 

Nozzle 

Number 

Azimuth  Flow 
Angle 

Measured  Desired 
(deg)  (deg) 

Elevation 

Flow 

Angle 

(deg) 

Side 

1 

+0 

0 

+4.0 

2 

-0 

0 

+4.0 

3 

-1.0 

0 

+4.0 

4 

-3.5 

0 

+4.0 

5 

-1.0 

0 

+4.0 

6 

-1.0 

0 

+4.0 

7 

-2.5 

0 

+4.0 

8 

-2.5 

0 

+4.0 

9 

0.0 

0 

+4.0 

10 

-3.5 

0 

+4.0 

11 

0.5 

0 

+4.0 

12 

-1.0 

0 

+4.0 

13 

-1.0 

0 

+4.0 

14 

-3.0 

0 

+4.0 

15 

+3.5 

0 

+4.0 

16 

-1.5 

0 

+4.0 

17 

0.0 

0 

+4.0 

Front 

1 

0.0 

0 

5.0 

2 

3.0 

0 

5.0 

3 

0.0 

0 

5.0 

4 

1.0 

0 

5.0 

5 

1.0 

0 

5.0 

6 

0.0 

0 

5.0 

No.  1 

1 

+6.0 

+0 

00 

• 

2 

-3.25 

+2 

8.5 

3 

-1.0 

-2 

8.5 

4 

+4.0 

-4 

8.5 
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TABLE  VI  (Cont) 


Header 

Assembly 

Nozzle 

Number 

Azimuth  Flow 
Angle 

Measured  Desired 
(deg)  (deg) 

Elevation 

Flow 

Angle 

(deg) 

No.  2 

1 

2.5 

+4 

4.5 

2 

0,0 

+2 

4.0 

3 

0.0 

-2 

4.0 

4 

2.0 

-4 

4.0 

No.  3 

1 

-3.5 

+4 

7.0 

2 

-3.0 

■^2 

7.0 

3 

-3.5 

-2 

7.0 

4 

-2.5 

-4 

7.0 

No.  4 

1 

5.0 

+4 

7.0 

2 

5.0 

+2 

7.0 

3 

4.0 

-2 

7.0 

4 

-1.5 

-4 

7.0 

Calibration  of  the  header  mass  flow  characteristics  and  measure¬ 


ment  of  the  individual  nozzle  total  pressure  was  conducted  vulu«* 
of  header  pressure  of  Pq  =  4,  5,  and  6  psijj.  Figures  41  42  pre¬ 

sent  a  comparison  of  the  measured  mass  flow  with  the  theoretical 
value.  The  average  effective  area  of  the  nozzles  is  about  50  percent 
of  the  geometric  area. 

Simultaneously  with  the  mass  flow  calibration,  the  total  pressure  at 
each  nozzle  exit  plane  was  recorded.  The  measured  total  pressure 
values  were  relatively  uniform  except  for  the  nozzles  located  directly 
opposite  the  header  supply  pipe.  It  was  concluded  that  the  inlet  to  the 
primary  headers  should  be  oriented  at  90  degrees  to  the  nozzle  axis 
rather  than  directly  opposite,  thereby  preventing  an  uneven  pressure 
distribution. 
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Figure  41.  Comparison  of  Theoretical 
and  Measured  Mass  Flow,  Half- 
Scale  Quarter  Model  (Cornier) 


Figure  42.  Comparison  of  Theoretical  and 
Measured  Mass  Flow,  Half-Scale 
Quarter  Model 
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2.  Test  Program 

The  objectives  of  the  test  program  for  the  corner  model  were  as  fol¬ 
lows: 


a.  The  determination  of  the  general  performance  of  the  model  at 
varying  heights,  primary  pressures,  and  exit  flap  angles. 

b.  The  effect  of  an  inlet  extension  (skirt). 

c.  The  determination  of  the  model  performance  over  simulated 
surface  roughness. 

d.  The  determination  of  the  model  performance  over  water. 

The  general  test  procedures  were  concerned  with  adjusting  the  flap 
angles  and  setting  and  maintaining  the  header  pressure  for  a  par¬ 
ticular  model  configuration;  adjustment  of  the  inner  and  outer  exit 
flaps  was  accomplished  by  setting  a  tooling  jig  on  a  flat  surface 
parallel  to  the  model  base  and  by  adjusting  the  flap  angles  to  the 
reference  surface.  This  procedure  produced  uniform  and  repeat- 
able  flap  angle  settings.  A  review  of  the  nozzle  total  pressure 
calibration  data  showed  that  operation  of  the  model  at  constant  pri¬ 
mary  pressure  at  the  plenum  resulted  in  a  significant  pressure 
variation  between  header  assemblies.  This  did  not  reflect  a  real¬ 
istic  operating  condition  for  the  full-scale  vehicle.  Therefore,  tlie 
model  was  tested  at  a  uniform  nozzle  exit  total  pressure  by  main¬ 
taining  a  total  head  in  the  plenum  at  a  higher  value  than  was  required, 
and  then  adjusting  each  header  pressure  to  its  assigned  value. 

3.  Data  Reduction 

The  pressure  orifice  locations  for  this  corner  model  are  shown  in 
Figure  43.  The  base  pressure  orifices  were  located  so  that  each 
orifice  repres '  nted  an  area.  In  the  regions  of  rapid  pressure 
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Figure  43.  Pressure  Orifice  Locations 
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changes  the  orifices  were  located  closer  together.  The  cavity  ori¬ 
fices  were  located  in  a  similar  fashion.  Figures  37  and  38  show  the 
division  of  the  base  and  cavity  areas. 

The  corner  model  performance  data  are  presented  as  an  average 

base  pressure  and/or  average  cavity  pressure  versus  either  height 

or  primary  header  pressure  (p' ). 

o 

To  establish  the  peiformance  of  the  corner  model,  static  pressures 
representing  pressures  in  the  base,  in  the  cavity,  in  the  exit  and  in¬ 
let  of  the  internal-flow  ducting,  ar  d  on  the  exit  flaps  were  recorded. 
The  total  and  static  pressures  of  the  exit  flow  were  recorded  by 
means  of  a  rake  located  in  the  exit  flow  just  upstream  of  the  exit 
flap  hinge  lines.  Additional  recorded  pressures  provided  data  for 
header  primary  pressure  mass  flow  measurements  and  calculations. 

The  average  base  pressure  is  determined  in  the  following  manner: 
The  average  base  pressure  for  each  section  is  calculated  from 


where  n  designates  the  section  and  x  is  the  number  of  orifices  in 
the  section. 

2 

This  is  corrected  to  reflect  the  reference  area  A  =2,118  in.  which 

r 

is  the  total  base  area  for  the  1/2— scale  quarter  model. 


A 

n 


The  base  pressure  of  each  section  is  added  to  give  the  average  base 

pressure  (P.  )  referenced  to  the  base  area, 
b 
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n  =  26 


The  average  cavity  pressure  is  determined  in  a  similar  fashion. 

The  total  cavity  area  of  1303,4  in^  is  the  reference  area  used  to  cor¬ 
rect  each  cavity  section  contribution.  The  side  and  front  ejector 
area  of  sections  29A  and  32A  (the  area  within  the  reflex  of  the  cavity) 
is  not  included  in  the  reference  area. 

Discussion  of  Experimental  Data 

1.  Basic  Corner  Model 

The  performance  data  represent  a  sealed  configuration  as  described 
in  the  previous  section  on  two-dimensional  tests  unless  otherwise 
noted.  Figure  44  presents  the  base  pressure  variation  with  flap 
angle  for  the  design  height.  The  optimum  setting  of  35  degrees  for 
inner  and  38  degrees  for  outer  flaps  reflects  a  1  percent  higher 
average  base  pressure  than  for  the  flap  setting  used  at  the  4-inch 
height  testing.  The  optimum  flap  angles  for  the  other  heights  were 
determined  in  a  similar  manner. 

Figure  45  summarizes  the  base  pressure  variation  with  height  for 
primary  pressures  of  4,  5,  and  6  psig  for  the  corner  model.  The 

t 

dotted  portion  of  the  primary  pressure  curve  for  =  6  psig  near 
the  6-inch  test  height  is  an  extrapolated  curve  because  the  data  for 
this  test  point  were  not  considered  as  representative. 

Figure  46  presents  the  cavity  pressure  variation  with  height  for 
=  4,  5,  and  6  psig  respectively.  Again,  the  dotted  curve  is  ex¬ 
trapolated  from  the  data  at  h  =  6  inches  and  Pq  *  6  psig.  At  all  test 
conditions,  the  cavity  pressure  is  positive;  furthermore,  the  cavity 
pressure  has  a  stable  variation  with  height.  This  trend  indicates 
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Figure  44.  Base  Pressure  Versus  Flap  Figure  45.  Base  Pressure  Versus  Height, 

Angle,  Corner  Mode'  Corner  Model 
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that  the  inherent  static  stability  properties  of  the  three-dimensional 
vehicle  will  be  superior  to  the  predicted  characteristics  based  on 
two-dimensional  tests  as  discussed  in  the  previous  section,  "Two- 
Dimensional  Model  Tests". 

The  corner  ejectors  were  tested  as  separate  units  and  in  combina¬ 
tion  with  each  other*.  Figure  47  identifies  the  various  combinations 
tested.  A  summary  and  comparison  of  the  corner  data  are  presented 
in  Figures  48,  49,  and  50.  The  general  trend  indicates  that  as  the 
coirners  are  more  and  more  isolated,  the  lower  the  average  base 
pressure  becomes.  In  Figure  49  a  comparison  of  the  relative  ejec¬ 
tor  strength  for  the  isolated  combination  of  corners  is  made.  It  is 
seen,  for  example,  that  ejector  No.  1  operates  best  when  combined 
with  all  of  the  ejectors  and  poorest  when  combined  with  ejectors  2-3 
(combination  1-2-3).  It  is  paradoxical  that  whenever  ejector  3  is  in¬ 
cluded  in  the  combination  of  1-2-3  it  (No.  3)  has  very  poor  base  pres- 
3ure;yet  with  the  addition  of  ejector  4,  in  a  combination  of  1-2-3-4, 
ejector  3  has  the  highest  base  pressure.  Again  the  difference  in 
base  pressure  levels  in  Figure  49  is  a  measure  of  the  interaction 
and  support  supplied  by  the  individual  ejectors.  In  Figure  50  a  com¬ 
parison  between  ejectors  for  the  individual  and  combined  cases 
shows  that  in  every  instance  the  individual  ejector  performance  is 
lower. 

In  Figure  48  it  is  seen  that  the  original  two-dimensional  corner  ejec¬ 
tor  provided  the  highest  base  pressure.  The  difference  in  perform¬ 
ance  between  this  ejector  uni  ...id  the  individual  corner  units  of  the 
corner  model  appears  to  be  n  direct  relationship  to  the  alignment 
of  the  primary  nozzles.  This  was  shown  in  the  previous  section  on 
"Model  Calibration",  where  the  alignment  is  not  critical  but 
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Figure  47.  Quarter  Model  Base  Partition  Combinations 
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gure  48.  Component  Base  Pressure 
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certainly  very  important  (a  manufactu.  tolerance  of  ±1  decree 
must  be  maintained  in  future  work). 

Typical  two-  and  three-dimensional  base  pressure  data  for  areas  of 
the  model  are  tabulateil  in  Table  VII.  The  two-dimensional  values 
were  taken  from  the  isolated  corner  test  data  and  the  three- 
dimensional  values  from  data  with  no  sectioning.  A  comparison  of 
these  values  indicates  that  the  more  efficient  side  ejector  provides 
three-dimensional  base  pressure  suppoit  for  the  other  sections  of 
the  model.  The  amount  of  the  support  is  also  tabulated. 


TABI.K  VII 

TWO-  AND  THREE-DIM KN.SIONAl.  PliESSlJKE.S 
(Pressures  in  inches  of  water) 


Section 

2-D* 

3-D* 

Interference 

3-D* 

2-D** 

Side 

3.8 

2.9 

-0.9 

1.93 

2.52 

Front 

2.4 

2.78 

+0.38 

0.41 

0.36 

2-D 

Corners 

Individual  Combination 

No.  1 

2.00  2.34 

2.5 

+0.50/+0.16 

0.12 

0.117 

No.  2 

2.32  2.56 

2.5 

+0.18/-0.06 

0.12 

0.128 

No.  3 

2.16  2.68 

2.64 

+0.48/-0.04 

0.13 

0.134 

No.  4 

1.00  2.36 

2.70 

+0.80/+0.34 

0.13 

0.123 

■f-  Based 

on  each  section' s  own  base  area 

**  Bared  on  total  base  area 

In  Table  VII,  the  2-D*  column  reflects  data  taken  with  the  sectioning 
panels  in  place  to  give  two-dimension  values.  The  3-D*  column  re¬ 
flects  data  with  no  sectioning  but  averages  the  base  pressures  over 
the  equix  alent  area  of  tne  2-D*  data.  The  interference  was  calculated 
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by  subtracting  the  3-D*  from  the  2-D*  data.  The  3-D**  and  2-D** 
columns  are  merely  the  2-D*  and  3-D*  data  corrected  to  reflect  the 
reference  area  (base). 

The  above  values  emphasize  the  overall  penalty  paid  for  a  poorly 
operating  ejector.  The  manner  in  which  the  pressure  adjusts  be¬ 
tween  sections  becomes  apparent  as  shown  in  Table  VII.  The  dif¬ 
ferent  pressure  levels  cause  a  flow  from  the  strong  side  ejector 
section  toward  the  weaker  corners.  This  wai;  confirmed  by  tuft 
studies  of  the  base. 

Figure  51  presents  a  typical  base  pressure  distribution  by  means  of 
isobars.  Figures  52  through  58  are  plots  of  the  base  pressure  dis¬ 
tribution  for  the  other  configurations  tested.  Reviewing  the  individual 
isolated  corner  isobar  plot.  Figure  58,  it  is  seen  that  this  plot  is  dif¬ 
ferent  from  the  others,  as  the  circular  isobar  distribution  indicates 
the  presence  of  a  strong  standing  vortex  flow.  The  adverse  pres¬ 
sure  distribution  also  covers  a  larger  portion  of  the  base  area, which 
indicates  the  extent  of  the  disturbance.  This  effect  was  undoubtedly 
the  result  of  the  way  in  which  the  individual  corner  ejectors  were 
isolated  from  one  another.  The  base  was  partitioned  into  relatively 
small  pie-shaped  areas  such  that  each  corner  ejector  would  be  in¬ 
dependent  of  the  other.  In  this  manner  the  relative  performance  of 
each  could  be  compared.  However,  the  absolute  value  of  perform¬ 
ance  cannot  be  determined  from  this  test  because  of  the  adverse  flow 
conditions  which  were  created  in  the  separate  base  regions. 

The  base  pressure  distribution  for  two-dimension  models  has  been 
shown  to  be  relatively  constant  across  the  base  of  the  model.  It  is 
clear  that  none  of  the  pressure  distributions  shown  in  Figures  49 
through  56  resemble  the  characteristic  two-dimension  distribution. 
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Figure  53.  Pressure  Distribution,  Side- Front  Ejectors  Isolated 


Figure  54.  Corner  Pressure  Distribution,  Figure  55.  Corner  Pressure  Distribution 

Basic  Run  Electors  1,  2.  3,  amd  4 
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Figure  58.  Corner  Pressure  Distribution, 

All  Ejectors 
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This  is  caused  by  the  interaction  between  the  individual  ejectois  as 
a  result  of  a  considerable  variation  in  ejector  performance.  This 
mismatching  is  primarily  due  to  the  nozzle  misalignment  as  shown 
previously  in  Table  VI,  but  it  is  also  caused  by  a  variation  in  the 
primary  mass  flow,  shown  in  Figures  41  and  42.  Since  the  primary 
nozzles  are  of  welded  construction,  it  was  not  possible  to  realign  or 
modify  them  during  this  investigation. 

Data  taken  with  the  model  unsealed  are  compared  with  data  of  the 
sealed  model  in  Table  VIII.  An  increase  of  12  percent  in  base  pres¬ 
sure  for  the  flap  hinges  and  gaps  being  sealed  is  shown;  sealing  the 
inlet  nozzle  slots  is  shown  to  improve  the  base  pressure  by  5  percent 
over  the  unsealed  condition.  The  17-percent  improvement  in  base 
pressure  makes  it  necessary  to  provide  seals  for  these  items  in  the 
full-scale  design. 


TABLE  VIII 
EFFECT  OF  SEALING 


Condition  of  Model 

(P'  =  5  psi) 
o 

Flaps 

In/Out 

Base  Pressure 
Pg  Lb/ft2 

Unsealed  Model 

30/35 

10.2 

30/40 

10.2 

Flap  Hinges  Sealed 

30/40 

11.25 

Flap  Hinges  and  Gaps  between  Flaps 
Sealed 

30/40 

1 1.8 

Nozzle  Slots  Sealed 

12.3 
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2.  Inlet  Extension  (Skirts) 


A  comparison  of  the  base  pressure  values  with  and  without  an  inlet 
extension  for  varying  primary  pressure  is  shown  in  Figure  59.  The 
particular  extension  tested  had  no  effect  at  =  4  psig,  except  to 
cause  a  reduction  in  base  pressure  at  the  higher  primary  pressures. 
The  decrease  in  base  pressure  values  with  the  addition  of  the  inlet 
extensions  (3-inch  chord  mounted  perpendicular  to  the  base)  is  con¬ 
trary  to  the  effect  previously  experienced.  The  effects  of  inlet  ex¬ 
tensions  were  to  reduce  the  effective  turning  radius  of  the  curtain 
and  to  extend  the  constant  base  pressure  distribution  to  the  exten¬ 
sions.  This  leveling-off  trend  of  the  base  pressure  is  seen  from  a 
comparison  of  the  pressure  distributions  shown  in  Figures  51  and 
52.  However,  the  base  pressures  ahead  of  the  inlet  extensions  are 
lower  than  those  with  the  inlet  extension  on.  Since  only  one  config¬ 
uration  (size,  shape,  and  location)  was  tested,  and  because  of  the 
asymmetry  in  the  performance  of  the  individual  ejectors,  this  phase 
of  the  investigation  is  considered  to  be  inconclusive. 

3.  Surface  Roughness 

Two  basic  types  of  terrain  are  provided  for  testing.  Figure  60  is  a 
photograph  showing  the  test  setup  of  a  simulated  ditch  consisting  of 
two  pieces  of  2-by- 4-inch  joist  covered  by  heavy  cardboard.  The 
two  separate  pieces  could  be  taped  together  to  simulate  smooth  ter¬ 
rain  or  could  be  separated  at  various  distances,  thereby  simulating 
a  trench  of  fixed  depth  but  of  varying  width.  Another  trench  depth 
was  tested  by  placing  the  two  2-by- 4- inch  joists  on  their  sides.  The 
other  type  of  terrain  simulated  was  an  obstacle.  This  consisted  of 
two  2-by- 4-inch  joists  covered  with  a  board  9  inches  wide.  Here, 
again,  two  heights  were  tested  by  rotating  the  2  by  4. 
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Model  ConditioriB 


Nozzles  Slots  Sealed 

Flap  Minffes  and  Caps  Sealed 


O  *  Basic  Model 
X  *  Inlet 

I-.' xt  elision 


V  '  (psig) 


Figure  59.  Pg  versus  ,  Inlet  Extension 


Figure  60,  Surface  Roughness,  Ditch 
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The  choice  of  basic  models  reflects  an  effort  to  minimize  the  terrain 
model  complexity  to  facilitate  analysis  of  the  data.  Figure  61  defines 
the  terrain  model  geometry  as  well  as  the  test  locations.  The  re¬ 
sults  are  presented  for  the  variation  of  the  base  pressure  ratio  with 
obstacle  geometry  and  position  with  respect  to  the  model. 

The  base  pressure  ratio  is  defined  as  the  ratio  of  the  average  base 
pressure  in  the  presence  of  terrain  to  the  average  base  pressure  for 
a  smooth  surface,  Pg  This  is  plotted  for  an  obstacle  of  two 

sizes  in  Figure  62.  It  is  seen  that  the  higher  obstacle  causes  a 

as 

the  obstacle  is  moved  from  X/L  =  0.9  toward  X/L  =  0.8  simulates 
the  passage  of  the  obstacle  through  the  front  exit  jet  curtain. 

F’igures  63  and  64  present  the  results  of  the  trench  terrain  test.  The 
results  of  this  test  seem  at  least  partially  contradictory.  The  deeper 
trench  causes  the  larger  maximum  loss  in  lifting  efficiency;  as  ex¬ 
pected,  however,  for  varying  trench  width,  the  middle  width  (2AX) 
causes  a  greater  decrease  than  the  larger  width  (SAX).  The  rapid 
loss  in  lifting  efficiency  as  the  trench  passes  the  front  stagnation 
point  is  similar  to  the  loss  reported  for  the  obstacle  model.  A  com¬ 
parison  of  the  data  for  the  two  terrain  models  shows  that  the  trench 
caused  a  larger  decrease  in  lifting  efficiency. 

During  terrain  testing  it  was  observed  that  the  trench  provided  a 
natural  path  for  air  to  escape  from  under  the  vehicle, and  it  was  de¬ 
cided  to  determine  the  effect  of  sealing  off  the  trench  or,  in  other 
words,  to  limit  the  span  of  the  trench  with  respect  to  the  model 
width.  Qualitative  results  indicate  a  rapid  decrease  in  base  pres¬ 
sure  as  the  span  (width)  of  the  ditch  increases  to  a  point  outside  the 
stagnation  point  of  the  side  exit  curtain.  Variation  of  span  inside 


greater  decrease  in  The  rapid  decrease  in  Pg.p/P 
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this  stagnation  and  behind  the  front  jet  curtain  has  no  effect  on  base 
pressure. 

4.  Over-Water  Operation 

The  water  test  was  the  last  item  on  the  test  program.  Figures  (i5 
and  66  are  photographs  of  the  model  and  water  test.  Tiie  data  re¬ 
corded  were  necessarily  qualitative  in  nature  -  the  base  pressure 
orifices  became  blocked  with  water  almost  immediately,  and  the  ac¬ 
curacy  of  measuring  water  displacement  in  the  tank  was  difficult  be¬ 
cause  of  the  wave  motion. 

Test  runs  were  made  at  heights  of  9  and  3  inches  and  for  primary 
pressures  of  4,  5,  and  6  psig.  For  the  9- inch  height  and  -  5  psig, 
a  displacement  of  2.6  inches  of  water  was  observed  as  compared 
with  2.84  for  the  same  operating  conditions  on  a  smooth  surface. 

The  3-inch  height  run  produced  a  water  displacement  which  was  too 
difficult  to  measure. 


93 


Figure  65.  Comer  Models  Water  Test,  General  View 


Figure  66.  Comer  Model,  Water  Test,  Operation 


94 


ANALYTICAL  STUDIES 


Tht‘  analysis  presented  in  this  section  reft'rs  to  any  effort  not  direc  tly 
involved  in  c  onducting  an  experimental  investigation.  As  sue  h,  it  falls 
into  two  broad  c-ategories: 

1.  The  application  of  the  thc'orc'tic  al  and  experimental  data  to  the 
design  and  performance  estimates  of  the  vehic  le; 

2.  The  basic  theory  involving  the  fundamentals  of  the  flow  phenome¬ 
non. 

BASIC  PERFORMANCE  ESTIMATES 
1.  Hover 

In  determining  the  anticipated  performance  of  the  full-size  vehicle,  it 
must  first  be  established  what  the  engine-compressor  unit  is  capable 
of  deliver  ing.  Previous  investigations  and  the  results  of  a  later  section, 
"Propulsion  Investigation,"  indicate  that  the  output  of  the  T-58  engine 
and  J-69  compressor  matches  the  ejector  requirements  reasonably 
well.  Figures  67  and  68  show  this  output  in  terms  of  speed  (rpm), 
pressure  ratio  and  compressor  efficiency.  The  output,  at  a  maximum 
operating  speed  of  21,460  rpm,  is  plotted  in  Figure  69  in  terms  of  pri¬ 
mary  pressure  at  the  ejector  nozzle  and  mass  flow  per  foot  of  primary 
header  length.  It  is  determined  in  a  later  section,  "Propulsion  Investi¬ 
gation,"  that  a  total  head  loss  through  the  primary  in  lines  of  0.5  psi 
can  be  expected.  The  vertical  scale,  Pq'  of  Figure  69»reflects  this 
consideration.  It  has  also  been  determined  that  the  total  length  of  the 
primary  headers  will  be  58.75  feet.  The  horizontal  scale  of  Figure  69 
is  plotted  accordingly  in  pounds  per  second  per  foot  of  header  length. 
From  Figure  70,  a  cross  plot  of  lines  of  constant  horsepower  per  foot 
was  superimposed  on  Figure  69.  For  reference  purposes,  the  range 
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Airflow  -  Ib/sei 

Figure  67.  Compressor  Map,  Primary  Mass  Flow  Versus  Pressure 
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Figure  69.  Primaiy  Mass  Flow  Versus  Pressure 
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Figure  70.  Primary  Mass  Flow  Versus 
Pressure,  Primary  Horsepower  *  10 
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over  which  the  corner  model  ejectors  were  tested  is  also  shown  (see 
"Component  Testing,  Three-Dimensional  Model  Testing").  It  can  be 
seen  that  maximum  output  of  the  compressor,  as  delivered  to  the  pri¬ 
mary  nozzles, varies  from 

m'  =  0.485  Ib/sec-ft 

P  '  *  4.90  lb/in.2 
o 

HP'  »  7.75  HP/ft 
to 

m'  =  0.460  Ib/sec-ft 

P  '  =  7.50  lb/in.2 
o 

HP'  =9.7  HP/ft. 

Second,  it  must  be  determined  what  combination  of  the  above  will  pro¬ 
vide  the  best  results.  The  criterion  will  be  maximum  lift  per  horse¬ 
power.  It  has  been  establis:.<  d  that  for  a  given  ejector  configuration 
at  a  constant  height,  the  lift  will  vary  linearly  with  primary  pressure 
(over  the  range  of  pressures  being  considered).  Figure  71  shows  the 
variation  of  lift  per  horsepower  (actually  plotted  as  Pq'/HP'  )  versus 
primary  pressure.  The  primary  air  line  loss  and  variation  in  com¬ 
pressor  efficiency  (Figure  68)  has  been  included.  It  is  shown  that  the 
lift  per  horsepower  steadily  increases  with  primary  pressure  until  the 
limitation  of  the  compressor  pressure  ratio  is  reached.  The  design 
point  for  maximum  performance  is  chosen  at  a  primary  press»’re  of 
7.35  psi,  as  shown  in  Figure  71.  This  value  is  transferred  back  to 
Figure  69,  and  it  can  be  seen  that  the  design  condition  will  be: 

P^'  *  7.35  psig 

m'  *  0.466  Ib/sec-ft 
HP' /ft  *  9.6  HP/ft  (delivered) 

HP' total  •  ^20  HP  (required  from  T-58). 
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Third,  from  this  design  condition  the  base  pressure  and  total  lift  can 
now  bo  determined.  A  brief  summary  of  the  performance  data  is  shown 
in  Table  IX.  It  can  be  seen  that  there  are  no  experimental  data  at  the 
exact  design  conditions  determined  previously.  The  following  equation 
has  been  developed  for  the  interpolation  of  data  under  varying  conditions 
of  the  primary  air  flow  from  the  ejectors: 


(1) 


In  using  this  relationship,  the  configuration  must  remain  fixed,  i.e., 
height,  flap  angles,  and  ejector  dimensions.  In  other  words,  if  the  base 
pressure  is  known  for  a  given  configu.  -tion  and  test  condition,  and  if 
only  the  primary  mass  flow  and  pressure  are  changed,  the  new  base 
pressure  can  be  determined.  The  accuracy  of  this  estimate,  as  shown 
in  the  right  column  under  P3  in  Table  IX,  is  generally  accurate  to  with¬ 
in  ±2  percent. 

From  the  data  presented  in  Table  IX  and  the  above  equation,  the  relation¬ 
ships  for  the  vehicle  design  condition  between  the  "2-D"  base  pressure 
and  height  is  shown  in  Figure  72.  Also  from  the  data,  the  performance 
of  the  2-D  corner  module  and  3-D  quarter  models  is  plotted  at  an  18- 
inch  height.  It  was  shown  in  a  previous  section,  "Component  Testing, 
Three-Di..iensional  Model  Tests", that  the  performance  of  the  3-D 
quarter  model  was  substandard  because  of  severe  nozzle  misalignment. 

It  was  also  shown  that  the  3-D  performance  will  be  less  than  the  highest 
performing  ejector  unit  and  greater  than  the  weakest.  (The  weaker  units 
draw  from  the  stronger  and  the  result  is  an  average  between  the  two 
limits.)  If  the  quarter  model  nozzles  had  been  aligned  properly  the  test 
point  shown  at  an  18-inch  height  in  Figure  72  would  have  been  below  the 
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TABLE  IX 


Model 


SUMMARY  OF  PERFORMANCE  DATA 

- ^ - 

Experi- 

Run  mental  Esti- 

No.  h  Pq'  m'/ft  HP' At  Data  mate 


2-D  Single 

112 

6 

5.26 

0.352 

23.9 

- 

no 

9 

5. 

26 

0.352 

22.1 

- 

107 

12 

5.26 

0.352 

21.2 

- 

66 

12 

8. 

8 

0.429 

36.0 

33.4 

67 

12 

11. 

5 

0.480 

50.5 

42.7 

79 

18 

5. 

26 

0.352 

18.0 

- 

78 

18 

9. 

67 

0.438 

32.2 

30.5 

101 

24 

5. 

26 

0.352 

10.6 

- 

(Design 

Point  Est) 

18 

7. 

35 

0.466 

9.6 

- 

28.2 

2-D  Double 

D-208 

=;=18 

5. 

0 

0.-^ 

i44 

19.5*^ 

D-227 

19.6  y 

}  20.2 

D-319 

19.4  I 

D-413 

\ 

/ 

\ 

/ 

\ 

/ 

19. 4J 

D-304 

❖  12 

5.0 

0.^ 

44 

26. 5^ 

D-332 

25.1 

)  24.0 

D-406 

N 

/ 

\ 

/ 

\ 

/ 

25. 6j 

D-302 

❖  8 

5.0 

0.-^ 

44 

26.7 

D-401 

8 

5.0 

0.444 

27.2 

D-237 

❖24 

5.0 

0.444 

9.3^ 

D-239 

24 

5.0 

0.444 

9.1J 

12.0 

(Design 

Point  Est) 

18 

7. 

35 

0.466 

9.6 

- 

24.8 

2-D  Corner 

Module 

:  18 

5.0 

0.343 

12.8 

- 

5. 

4 

0.350 

13.5 

13.6 

7. 

1 

0.402 

18.0 

17.9 

9. 

2 

22.5 

(Design 

N 

/ 

Point  Est) 

18 

7. 

35 

0.466 

9.6 

- 

21.5 
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TABLE  IX  (Cont) 


Experi- 

Run  ^  mental  Esti- 

Model  No.  h  P  m'/ft  HP '/ft  Data  mate 

o 


3«D  Quarter 
Full  Corner 

Full  Corner 

Side  Only 
Front  Only 
Corner  No.  1 
Only 

Corner  No.  2 
Only 

Corner  No.  3 
Only 

Corner  No.  4 
Only 

(Design 
Point  Est) 


18  4.9 


18  7. 


0.346 

(avg) 

0.380 

(avg) 

0.326 

0.341 

0.378 

0.348 

0.411 

0.348 


0.466  9.6 


12.3 

14.9  14.8 

17.1 

10.8 

10.5 

11.5 

12.1 

10.6 

20.3 
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dotted  curve  (Design  Condition,  2-D)  and  above  the  test  point  labeled 
2-D  Module. 

In  estimating  the  design  condition  performance,  an  average  is  taken  be¬ 
tween  the  straight  side,  the  front  and  rear  ejectors,  and  the  corner  ejec¬ 
tors.  The  resulting  base  pressure  is  weighed  according  to  the  relative 
length  of  the  units  as  shown  below: 

p  _  (2  1.5  Ib/ft^)  (24  ft)  (28.2)  (34.75) 

B  ~  24  +  34.75 

Pg  =  25.5  Ib/ft^,  at  h  =  18  inches. 

In  addition  to  the  lift  from  the  base  pressure,  a  significant  lifting  force 
is  obtained  from  the  ejector  proper.  The  force,  a  change  in  momentum 
flux  between  the  entering  and  exiting  air,  is  shown  in  Table  IV  as  the 
difference  between  the  total  lift  (L)  and  the  base  pressure  lift  (P„x  6.3'  ). 

D 

The  total  lift  of  the  full-scale  vehicle  is  shown  in  Figure  7. 

2.  Forward  Flight 

A  rigorous  and  fairly  generalized  analysis  of  the  forward  flight  condi¬ 
tion  is  shown  in  Appendix  III.  However,  a  simplified  analysis  is  shown 
here  in  order  to  illustrate  a  characteristic  of  this  particular  vehicle-- 
the  total  required  power  steadily  decreases  with  increasing  forward 
speed  until  very  high  speeds  are  obtained.  This  trend  is  shown  in  Fig¬ 
ure  73  and  is  derived  from  the  following  calculation;  the  total  required 
power  is  the  sum  of  the  power  required  for  lift,  momentum,  drag  and 
profile  drag. 

p=p.fp  +p  (2) 

T  Lift  Momentum  Drag 

The  lift  power  is  reduced  in  forward  flight  because  of  the  aerodynamic 
lift  on  the  top  surface  of  the  vehicle,  or 
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P  =P  -Ki^ 

Lift  Hover  550 


P„  =  720 
H(»vor 


Assuming  that 


L  =  7000  =  q  S 


whci-e, 


C,  =0.5 


S  =  520. 

Then, 

L  =  0.31V^. 

K  is  cvaluu^  d  by  considering  that  at  some  forward  .spe»‘fl  tiio  voiiic  h- 
will  bo  c'oir  ,ot<,'iy  a.rh'  i-.i..  and  th(  initial  hover'  power  will  h.  redin  <•< 
to  zero.  T  or  the  ai,.-.u'iK  v.  .onditioi.s,  ♦his  v(‘1(j< 


0.31 


7,000 

0.31 


V  =  150  ft/sec 


herefore, 

(720) (550) 


K  = 


(7,000)  ( 150) 


K  =  0.378 


and 


P,  =  720 
Lift 


(0.378)  (0.31V^)  V 
550 


P,  =  720  -  0.0001540V’ 
Lift 


(3) 
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Next,  the  power  chargeable  to  the  momentum  drag  is 


^  _  rn»  V 

Moniciitum  g:  ( 550j 

m'  *  27.4  Ib/scc,  (from  J-6^1  compressor) 


m'  V‘ 


Momentum  (32.2)  (550) 


P..  ,  =  0.001546  V. 

Momentum 


(4) 


Finally,  the  profile  drag  power  is  found  from 


Drag 


550 


_  (0.12) (0.0012)  (520)  3 

550  ^ 


*  0.000136  V  (5) 

Drag 

Combining  Equations  (3  ),  (  4  )  and  (  5  )  into  Equation  (  2  ),  the  total 
power  is  shown  to  va''y  with  forward  speed,  V. 

=  (720  -  0.0002130  V^)  +  0.001546  V^  +  0.000136  V^.  (6) 


This  equation  is  shown  plotted  in  Figure  73  and  correlates  well  with 
more  rigorous  analysis  in  Appendix  III. 

CRITIQUE  OF  THE  MARTIN  RECIRCULATION  EJECTOR  THEORY 
Introduction 

A  theory  of  the  recirculating  ejector  was  derived  at  Martin  Orlando  in 
1960.  A  simplified  theoretical  treatment  of  the  aerodynamics  of  the 
circulating  peripheral  jet  developed  by  the  Martin  Company  was  given 
in  1962.  Botli  theories  are  discussed  in  detail  in  Reference  1. 

■By  Dr.  G.  D.  Boehler,  Acrophysics  Company,  Washington,  D.C. 
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The  purpose  of  th#'  following  diseussicn  is  to  re-examine  critic  ally 
these  previously-developed  internal  and  external-flow  theories  and  to 
update  them  as  necessary.  Th  '  scope  oi  tne  discussion  is  limited  to 
two-dimensional  flow  considerations,  as  described  in  Reforemee  1. 

This  does  not  imply  a  criticism  of  liie  earlier  work,  whic  h  is  confirmed 
to  be  sound,  but  an  extension  of  it.  The  two-  and  three-dimensional 
ejector  test  results  discussed  earlier  'n  this  report  ar*'  satisfac  tciry 
to  predict  the  performance  of  the  proposed  Martin  resean  ti  veiilele. 
However,  they  pertain  to  only  one  basic  configuration  (Model  1).  It  is 
of  interest  to  have  a  parametric  analysis  available  to  pave  the  way  for 
further  optimization,  using  other  ejector  ( onfigurations. 

It  is  also  of  interest  to  obtain  some  insight  into  the  stability  of  the 
ejector  flow,  since  it  contributes  to  the  overall  stability  of  the  vehicle. 
While  the  analysis  in  Reference  1  assumes  the  flow  conditions  and  gives 
the  geometry  of  the  ejector  and  uf  the  internal  duct  which  is  compatible 
with  these  flow  conditions,  the  present  discussion  also  considers  the 
reverse  problem:  the  determination  of  the  flow  corresponding  to  a 
given  ejector  geometry  and  ejector  primary  flow. 

The  external-flow  characteristics  of  the  recirculation  ejector  are  less 
well  known  than  the  internal-flow  characteristics.  A  speculation  into 
a  prediction  of  the  base  pressure,  as  a  function  of  the  ejec  tor  flow 
characteristit  s,  whit  h  differs  from  the  theory  of  Rtderent  e  1,  poi.  's 
the  way  to  further  research.  An  attempt  was  made  towards  finding  the 
simplest  possible  solution.  In  particular,  it  is  no  longco  felt,  as  it  was 
at  the  time  that  Reference  1  was  written,  that  recourse  to  a  conformal 
flow  mapping  solution  of  the  flow  is  warranted. 

Internal- Flow  Analysis 

A  complete  two-dimensional  recirculating  ejector  analysis  pr«  s»  mod 
in  Reference  1.  The  compressible,  inviscid  theory  is  fir.-.t  -ii u  ^sc'd. 
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then  a  viscous  solution  is  presented,  for  which  the  solution  of  the  equa¬ 
tions  can  be  found  by  iteration,  starting  from  the  results  of  the  inviscid 
solution. 


The  symbols  and  subscripts  used  here  are  generplly  the  same  as  t’lope 
in  Reference  1,  except  as  shov/n  in  Figure  74,  where  0  corresponds 
to  the  inlet,  (r)  to  the  end  of  the  mixing  section,  (5)  to  the  nozzle 
ex’ and  (4)  to  the  beginning  of  the  curved  jet  region  throu^n  which 
the  base  pressure  is  sustained.  Losses  due  to  diffusion  and  turning  are 
assumed  to  take  place  between  Stations  (?)  and  and  are  lumped 
together.  A  schematic  of  the  ejector  and  external- flow  field  it*  shown 
in  Figure  75. 


It  is  shown  in  Reference  ^  that  ii  one  specifies  a  given  exit  mass  flow, 
m  (delivered  against  a  total  head  Pq  and  a  static  head  p^)*  resulting 
from  a  primary  flow  defined  by  Pq’  and  Pq'  and  from  a  secondary  flow 
by  Pq”  and  Pq”,  'nere  is  an  infinite  number  ol  possible  area  ratios, 
A"/A'  (ejector  configurations),  which  delivci  the  required  flow  from 
the  given  reservoir  conditions.  Each  configuration  corresponds  to 
a  particular  mixing  section  pressure  pj. 

Note  here  that  the  mixing  section  pressure  pj  is  assumed  to  be  unitorm. 
This  is  a  close  approximation  only  but  must  be  kept  at  this  time.  Thus, 
the  following  eight  quantities  completely  define  the  geometry  of  the 
ejectors* 


P 

o 


I 

9 


Py  m^. 


As  part  of  the  work  reported  in  Reference  1,  a  computer  program  was 
prepared  to  accept  the  above  quantities  as  input  and  to  solve  for  the 
other  flow  quantities  and  areas  as  output.  The  above  quantities  are 
not  varied  at  random  but  in  such  a  fashion  as  to  represent  the  features 
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9 


of  a  recirculating  ejector.  The  first  feature  of  a  recirculating  ejector 
is  that  the  secondary  total  pressure  Pq"  is  not  atmospheric  but  is  re¬ 
lated  to  the  tertiary  total  pressure  Pq^.  The  ratio  of  these  two  pres¬ 
sures  is  called  the  pressure  recovery. 


PR  ■ 


(7) 


The  second  feature  is  that  the  ejector  is  assumed  to  diffuse  to  atmos¬ 
pheric  pressure  at  Station  @  .  As  seen  in  Figure  74,  the  true  static 
pressure  (gage)  at  exit  IJ.  /2  is  small.  Hence  %  p^^^.  Third,  the  loss 
in  total  pressure  between  Stationsd)  and  (f)  due  to  diffuser  and  turn  is 
called  ^Pq*  Hence, 

P  ■  P  +  AP  .  (8) 

o„  o„  o 


The  results  of  the  program  are  plotted  in  Reference  1,  where  the  power 
ratio  c.  as  defined  below,  is  used  as  the  efficiency  criterion. 


c 


■"3  V 
m' 


(9) 


This  is  not  necessarily  a  good  criterion  for  the  efficiency  of  a  ground 
effect  machine  using  recirculation.  The  criterion  is  to  maximize  the 
base  pressure  Pq  for  a  given  primary  pressure  Pq*  •  As  will  be  seen 
in  the  next  section,  the  base  pressure  is  related  to  the  momentum  or 
to  the  total  pressure  of  the  jet  at  Station  .  Further,  the  base  pres¬ 
sure  depends  upon  the  secondary  mass  flow,  not  the  tertiary  mass  flow. 
Therefore,  it  appears  that  the  following  is  a  better  criterion  than  c: 


n 


m"  V. 


m*  Vj' 


(10) 
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Flow  Characteristics  of  the  Ejector  With  a  Fixed  Geometry 


The  computer  program  must  be  used  for  the  design  of  a  recirculating 
ejector  system.  However,  it  is  of  further  interest,  for  a  given  ejector 
of  fixed  geometry  to  have  an  analytical  method  to  study  the  effect  of 
some  flow  ejector  quantities  on  others.  For  example,  a  tilt  of  the  base 
of  the  machine  will  cause  a  change  in  the  operation  of  the  ejector.  Also, 
a  promising  way  to  control  the  MCTV  is  by  differential  changes  of  the 
primary  pressure.  One  may  want  to  find  out,  for  example,  the  effect 
of  a  change  in  Pq'  from  5  to  6  psig  on  the  secondary  momentum  of  the 
system.  Hence,  the  following  section.  In  the  left  column  are  the  eight 
quantities  which  were  assumed  known,  and  in  the  right  column  are 
shown  the  corresponding  eight  quantities  assumed  known  for  the  analy¬ 
sis  of  this  section; 


P  ' 
o 


P  ' 
o 


p 


o 


I 


I 


p 

o 


tl 


A' 


P 


o 


II 


A 


II 


Pi 


Pi 


P3 


P 


3 


m 


3 


A 


2 


P 

o 


2 


A 


3 


It  must  be  shown  that,  if  the  eight  quantities  in  the  column  on  the  right 
are  known,  the  problem  ran  be  solved.  First,  if  one  knows  P^'  ,  p^'  , 
A',  and  pj,  the  primary  velocity,  Vj',  and  the  primary  mass  flow,  m^ 
can  be  calculated  from  the  following  quantities: 
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'f' 


The  list  of  the  right-hand  column  is  not  entirely  satisfactory;  it  is 
known  that,  given  an  ejector  geometry,  a  certain  primary  flow ,  and 
values  for  the  duct  losses  and  the  pressure  recovery,  only  one  flow 
can  be  obtained.  However,  if  p|  (mixing  aection  static  pressure)  is  an 
input  to  the  problem,  for  each  value  of  pj,  one  will  have  a  different 
flow.  Therefore,  p|  cannot  be  an  independent  input  but  must  be  calcu* 
lated  in  terms  of  the  othe**  inputs. 

There  are  12  unknowns: 


P 


o 


11 


II 

$ 


m 


It 


V 


2 


One  finds  that  there  are  13  equations.  Hence,  Equation  (26  )  must  be 
used  to  find  pj.  These  equations  are  as  follows; 


m'  Vj'  +  m”  V/'  «  (m'  +  m")  Vg 

/  Pj  \  /  \ 

m"  •Po”(  U"  Vj”) 

\  o  /  ^ 


(14) 

(15) 
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m'  +  m"  e  p„  A  V 
^2  2  2 


1 


V 


3 


(16) 


(17) 

(18) 

(19) 

(20) 
(21) 

(22) 

(23) 

(24) 
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p 

o 


3 


(25) 


(PR)  Pq 


(26) 


These  equations  can  be  solved  for  the  viscous  case*  F  0*  in  Equation 
( 5  )  on  a  digital  computer  by  iteration.  They  can  also  be  differentiated 
and  the  effect  of  a  change  in  one  variable  on  the  others  can  be  found.  In  the 
next  paragraph,  it  will  be  shown  that,  for  incompressible  flow,  one  can 
find  an  approximate  solution  for  pj. 

Incompressible  Flow  of  Recirculating  Ejector  of  Fixed  Geometry 

The  equations  for  incompressible  flow  of  a  recirculating  ejector  are  as 
follows: 


p ' 

0 

(27) 

m'  *  pA' 

(28) 

m'  Vj’  +  m"  ^ 

Vj"  *  (m'  +  m”)  V2 

(29) 

m”  *  pA"  Vj" 

(30) 

Pi  ' 

.  p  »' 

0 

(31) 

Pi  4pV2*  • 

P 

°2 

(32) 

m'  m"  ■  p A 

2^2 

(33) 

m'  +  m"  *  p  A 

3V3 

(34) 

P3 

P 

0. 

(35) 
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(36) 


P  ■ P  -  AP 

Oo  o,.  o 

J  « 


P  ”  •  (PR)  P 
o  o. 


(37) 


Substituting  Equations  (28),  (30)  and  (33)  into  Equation  (19)  yields: 

pA-  V'j*  +pA"  V|'*  -pAj  Vj* 

From  Equation  (27) 


PV 


•  2 


2  (P„-  -  Pj): 


and  from  Equations  (31)  and  (37), 


pV^'*  •  2  (PR)  P^  -  Pj. 

3 


Combining  Equations  (33)  and  (34), 


(38) 


(39) 


(40) 


V  e — ^  V  . 
3  Ag  ^2 


Combining  Equations  (32),  (35),  and  (36), 


P3-Pi*|p(V2^-  V3=')-APo. 


Substituting  Equation  (41)  into  (42), 

„2  ^(Pj-Pj+AP^) 

PV2  •  - r - 

-  Aj/Ajj 

One  more  transformation  is  needed  for  Equation  (40): 

^  *  2  (PR)  P^  -  2p, 

^  °3  ^ 


(41) 


(42) 


(43) 
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(44) 


pvf  =  2  (PR)  (Pj  ^joV^  -  AP„)  -  2  Pj. 

Substituting  Equations  (39),  (43)  and  (44)  into  Equation  (28). 

2A'  (P^’  -  P|)  +  2A"(PR)(Pj  +JPV2^  -^Po*'  ^  Pi  °  P*2 ''2' 
or 

2  A'  (P^'  -  Pj)  +  2A"(PR)(pj-AP^)-  2A"pj=pV2^  [^2'^'  * 

Finally, 


2A'  (P  '  -  p.)  +  2  A"  (PR)  (p-  -  AP  ) 
o  1  1  o 


-  2A"  Pj  = 


2  (P3  -  p,  ^  APJ  [A3  -  A'  (PR^ 


■4’- 

^3 


The  last  equation  is  a  linear  equation  in  pj,  which  can  be  solved  for  pj 
as  a  function  of  the  input  quantities. 

EXTERNAL- FLOW  ANALYSIS 

Bifurcating  Jet  Region 

The  bifurcating  jet  region  is  described  in  Reference  1  in  ter  ms  of  the 
equilibrium  of  forces  shown  in  Figure  76. 

The  momentum  flux  of  the  tertiary  flow  is  given  by: 

^3  "  ^  ^^o  "  ^3^  ^3^  length.  (46) 

3 


Assuming  a  linear  variation  of  static  pressure  across  the  nozzle,  from 
Pj.  to  zero. 


V  ‘3' 
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Total  Pressure 
Distribution 


Figure  76,  Equilibrium  of  Forces,  Bifurcating  Jet  Region 


Also 


js  '  ''3 

=  m'  V.J  * 
riostT"  (  recirculate) 


The  equation  above  is  not  completely  correct,  since  it  assumes  that  the 
veloc  ity  V-^  is  c-onstani  ac  ross  the  jet,  which  is  not  the  case.  This  will 
be  discussed  again  later.  The  horizontal  balance  of  forces  and  moments 
is  shown  in  Referenc  e  1  (Equation  (7.2-1),  page  7.2-7)  to  he: 


(49) 
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This  equation  disregards  viscous  mixing.  It  appears  unobjectionable, 
except  that  the  pressure  probably  should  be  considered  as  acting 
over  a  dimension  of  (h-t3)  rather  than  the  height  h. 

The  term  ^3,  as  used  in  Equation  (46),  was  defined  in  Equation  (45).  An 
important  consideration,  though,  is  that  the  total  pressure,  Po3»  ‘S  far 
from  being  constant  across  the  duct.  Since  the  flow  emeiges  just  after 
completing  a  turn  in  the  duct,  the  velocity  on  the  outside  wall  is  much 
larger  than  the  velocity  on  the  inside  wall  (typically,  it  is  three  times 
as  large). 


Using  Reference  5,  the  total  pressure  of  the  jet  should  be  defined  as  a 
mean  total  pressure  of  the  annular  jet  exhausting  towards  the  right  and 
a  mean  total  pressure  of  the  recirculating  branch  of  the  jet.  The  mean 
total  pressure  of  the  recirculating  jet  is  defined  as  follows: 


t  I 

1  r  3 

2t,  1 


(50) 


Under  these  conditions.  Equations  (45)  and  (46)  appear  to  be  correct. 
Substituting  Equation  (45)  into  Equation  (46),  one  finds 

,  2 

1  -  -zrr--^  ■  • 

m/  m  o 

Rearranging,  it  becomes 


The  important  consequence  of  the  non-uniformity  of  the  total  pressure 
at  the  jet  exit  is  this:  in  Ejector  Configuration  1-a  (defined  in  Refer¬ 
ence  4),  the  maximum  velocity  is  always  towards  the  outside,  the 
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r..inimum  velocity  is  always  towards  the  inside.  Therefore,  the  nnean 
total  pressure  of  the  annular  jet  exhausting  towards  the  right  is  much 
larg'^r  than  the  mean  total  pressure  of  the  re-entrant  jet.  II  the  velo¬ 
city  distribution  were  reversed  (maximum  velocity  on  the  inside  wall), 
the  converse  would  be  true;  i.e. ,  for  the  same  total  jet  momentum  the 
base  pressure  Pg  would  be  increased.  However,  to  have  a  stronger 
annular  jet  means  a  larger  P^,'  ,  and  this  may  be  important  for  stability. 

The  force  equilibrium  shown  in  Figure  76  appears  correct,  but  really 
is  not,  Ui.’ess  it  is  interpreted  properly. 

It  is  possible  that  an  ejector  duct  configuration  with  a  uniform  exit 
velocity  distribution  would  be  des.i'able.  This  would  not  be  difficult 
to  achieve. 

Re-entrant  Jet  Region  (Figure  77) 

A  prediction  of  the  base  pressure,  Pg,  is  mut  h  more  hazardous  than 
that  of  the  cavity  pressure,  P^  ,  as  was  already  notic  ed  in  Reference  1. 


Figure  77.  Re-entrant  Jet  Region 
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There  is  little  doubt  that  the  base  pressure,  Pg,  is  related  to  the  tertiary 
flow  total  pressure,  as  it  was  defined  from  Equation  (47).  Possibly,  the 
best  physical  representation  of  this  jet  total  pressure  is  given  by  the 
stagnation  pressure  on  the  ground  board. 

One  can  attempt  to  apply  either  momentum  or  exponential  theory  to  the 
re-entrant  curved  jet.  This  was  done  in  Reference  1  with  limited  suc¬ 
cess.  In  a  more  recent  effort,  the  exponential  theory  was  modified  by 
noting  that  the  static  pressure  in  the  mixing  region  of  the  ejector  is 
lower  than  atmospheric  and  that  this  must  "strengthen"  the  re-entrant 
jet  and,  hence,  increase  Pg.  Unfortunately,  this  approach  cannot  be 
justified  at  the  present  time. 

The  difficulty  in  setting  up  a  theory  for  the  external  flow  comes  from 
the  lack  of  static  and  total  pressure  measurements  for  this  external 
flow.  The  important  point  which  needs  clarification  is  that  of  the  mag¬ 
nitude  of  the  pressure  recovery  Po"/Po3-  There  appears  to  be  no 
physical  reason  why  a  high  pressure  recovery  cannot  be  obtained. 

Again,  a  proper  definition  of  Pq^  is  essential. 

♦STABILITY,  CONTROL  AND  MANEUVER  CHARACTERISTICS  OF 
THE  MARTIN  RESEARCH  VEHICLE 

The  Martin  Research  Vehicle  is  the  first  experimental  GEM  to  use  the 
ejector  recirculating  flow  principle  to  generate  the  base  pressure. 

This  machine  has  certain  characteristics  which  differ  from  those  of  the 
normal  annular  jet  machine.  In  addition,  it  has  i  ertain  capabilities 
which  enhance  its  value  as  a  test  vehicle.  The  fundamental  properties 
of  the  annular  jet  machine  and  those  of  the  Martin  GEM  are  the  same. 

Both  are  large  inert  objects  of  high  density,  which  have  no  contact  with 
the  ground  and  are  sustained  and  maneuvered  by  aerodynamic  forces. 

♦By Norman  K.  Walker  and  Staff,  Norman  K. Walker  Associates,  Inc., 
Bethesda,  Maryland. 
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Aerodynamic  Flow  Regimes 

As  described  on  sev(‘ral  oct  asions,  see  Reference  6,  the  normal  GEM 
passes  through  three  distinc  t  flow  regimes  as  it  ac  t derates  from  rest; 
similar  flow  regimes  appear  in  the  case  of  the  recirculating  GEM  (Fig¬ 
ure  78). 

1.  Subcritical 

At  very  low  speeds  the  jet  flow  is  predominant,  and  a  GEM  is  surrounded 
by  a  cloud  of  eddies.  In  the  case  of  the  Martin  recirculating  machine, 
the  ac  tual  primary  flow,  which  is  ejected  from  the  machine,  is  much 
smaller  than  in  the  case  of  the  annular  jet  GEM;  henc  e,  the  subc  ritic  al 
regime  can  be  observed  only  at  very  low  speeds  and  is  almost  non¬ 
existent. 

2.  Transitional 

At  higher  speeds,  the  excess  air  (primary  flow)  is  ejected  ahead  of  the 
machine,  but  is  then  forced  to  flow  back  over  the  surface  of  the  machine*. 
In  turning  back,  the*  primary  flow  leaves  a  dead-air  regic:>n  or  separation 
bubble  ahead  of  the  mac  hine.  This  generates  what  appears  to  be  a  c  har- 
acteristic  bow  wave  in  front  of  the  machine. 

The  bow  wave  is  ac  tually  two  lines:  a  stagnation  line  where  the  r  ecircu¬ 
lating  jet  splits  to  release  the  primary  flow,  and  a  separation  line  where 
the  forward-flowing  primary  air  leaves  the  surface  to  curve  back  over 
the  GEM.  As  the  vehicle  speed  is  increased,  an  increasing  proportion 
of  the  primary  air  flow  is  forced  to  flow  back  into  the  base.  This  flow 
probably  separates  from  the  recirculating  flow  at  the  entry  to  the  re¬ 
circulating  duct  (Figure  79). 

3.  Supercritical 

In  the  supercritical  region  the  entire  primary  air  supply  is  forced  back 
under  the  machine.  External  air  also  flows  under  the  base.  Flow 
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Figure  78.  Forward  Speed  Regimes 
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Figure  79.  Leading  Ldge  Recirculation  Flow,  "Transition  "  Regime 
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conditions  in  this  r('gimc  have  not  been  studied,  but  are  probably  as 
shown  in  Figure  HO,  with  a  greatly  redu(  ed  volume  of  secondary  air 
c  irculating  and  spillage  of  all  the  primary  air  oc  curring  at  the  entrance 
to  the  ejector  duc  t. 

The  results  of  wind-tunnel  tests  made  by  Martin  on  an  early  wind-tunnel 
model  of  the  researc  h  vehicle  show  that  the  conditions  in  this  region  arc- 
largely  associated  with  the  total  volume  of  c  irculating  air  flow  in  the  re¬ 
circulation  system.  These  results  correlate  well  with  the  results  for 
an  annular  jet  (see  Reference  2). 

For  the  research  vehicle  at  18  inches  altitude,  the  second  critical  velo¬ 
city,  at  which  the  external  air  flow  passes  under  the  machine,  occurs 
roughly  when  q  =  0.4  Ptj  where  Pti  =  total  head  of  the  circulating  flow. 
Since  the  velocity  of  the  circulating  flow  is  in  excess  of  200  feet  per 
second,  it  follows  that  the  second  critical  velocity  is  in  excess  of  126 
feet  per  second.  Hence,  the  initial  flight  trials  with  the  research  vehic  le, 
where  the  maximum  speed  expected  is  less  than  40  feet  per  second,  will 
not  approach  the  second  critical  region. 

The  great  majority  of  tests  will  be  made  in  the  transitional  region, 
where  the  lift  and  drag  are  comparable  with  those  for  a  "mound”  of 
the  same  shape  as  the  GEM,  but  with  the  air  cushion  replaced  by  a 
solid  body.  The  various  stability  derivatives  may  be  assumed  to  be 
the  sum  of  those  due  to  static  conditions  plus  those  due  to  the  aero- 
dyiiamic  "orces  (Reference  7). 

Heave  Stability 

1.  Hover 

The  GEM  is  supported  on  a  c  ushion  of  air  c  ontained  by  a  recirculating 
curtain.  The  motion  in  the  vertical  plane  is  assumed  to  consist  of  a 
damped  simple  harmonic  motion,  the  frequency  of  which  is  controlled 
by  the  variation  of  lift  with  altitude  (Figure  7). 


123 


SU  fruit  ion 


Primary  Air 
Injected 


Air 

rio 


mary  Air  Ejected 
Stagnation 


Figure  80.  Leading  Edge  Recirculation  Flow, 
"Super  Critical"  Regime 
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This  curve  has  a  slope  of  4000  pounds  per  foot,  hen(  e  the  undamped 
natural  frequency  is  given  by  =  '/g  k/w  radians  per  set  ond  between 
12  inches  and  25  inches  in  altitude.  For  the  unloaded  machine  (w  =3000 
pounds)  and  f^  is  1.04  cycles  per  second.  For  the  heavily  loaded  ma¬ 
chine,  (w  =  7000  pounds),  f^^  is  0.6B  cycles  per  second. 

Damping  was  studied  in  the  Martin  report  on  the  earlier  test  veiiicle, 
Reference  1,  but  it  is  believed  that  the  estimates  given  are  unrcdiable. 

A  downward  displacement  of  the  machine  does  not  cause  air  to  flow 
out  below  the  recirculating  jet  as  is  normally  assumed  for  the  annular 
jet  c  ase,  but  instead  increases  the  mass  flow  of  air  in  the  c'jec  tor  du(  t. 
This  additional  mass  flow  is  then  spilled  with  the  primary  Dow  utside 
the  machine  (Figure  81). 

So  far^this  phenomenon  has  not  been  studied  in  detail,  but  results  with 
the  three-dimensional  model  suggest  that  heave  damping  will  be  appre¬ 
ciable,  at  least  20  perc  ent  critic  al  and  probably  much  more. 

At  low  altitudes  the  research  vehic  le  will  bc'  unstable  if  the  slope  of  the* 
curve  of  lift  versus  altitude  becomes  positive.  This  regime  will  be 
avoided  by  the  use  of  a  rudimentary  underc ar l  iage,  but  c  an  also  be 
controlled  by  changing  the  flap  angle  at  the  exit  of  the  rec  irculating 
duct. 

2.  Forward  Flight 

In  forward  flight,  the  research  vehicle  will  experience  a  lift  coefficient 
on  the  order  of  0.35,  which  at  a  forward  speed  of  40  feet  per  second 
will  generate  a  total  lift  of  about  390  pounds.  This  is  quite  small  in 
relation  to  the  total  lift  on  the  machine;  therefore,  it  is  not  to  be  ex- 
pec  ted  that  the  aerodynamic  fore  es  due  to  forward  speed  will  modify 
the  heave  characteristics  significantly  during  the  initial  trials. 
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Stability  and  Control  in  Pitch  and  Roll 

The  static-  stability  properties  of  the  new  vehic  le  configuration  are  not 
accurately  k’.own  at  this  time.  Taking  the  worst  indication,  as  shown 
in  the  two-dimensional  double  ejector  tests,  the  vehicle  should  be  mildly 
unstable.  Considering  the  two-dimensional  single  ejector  tests  and  the 
simulated  three-dimensional  corner  model  tests,  the  vehicle  will  exhibit 
a  small  amount  of  positive  inherent  static  stability.  Since  there  was  no 
indication  of  a  strong  moment  in  either  case  (either  stabilizing  or  de¬ 
stabilizing)  the  vehicle  is  normally  assumed  to  be  neutrally  stable. 
However,  in  the  following  analyses  if  an  unstable  moment  appears  to 
be  a  factor  whici  rr  jst  be  considered,  then  the  vehicle  is  conservatively 
assumed  to  be  unstable. 

The  stability  characteristics  can  be  effected  by  detailed  redesign  of  the 
ejector,  or  by  the  addition  of  such  auxiliary  devices  as  secondary  air 
stabilizing  jets.  It  is  recommended  that  advantage  be  taken  of  the  ex¬ 
cellent  control  characteristics  of  the  Martin  GEM  to  experiment  with 
various  forms  of  inexpensive,  simple  autopilots.  The  development  of 
such  a  device  would  also  benefit  other  types  of  OEM's. 

1.  Advantages  of  a  Simple  Autopilot 

To  date,  most  ground  effect  machines  have  featured  inherent  static 
stability  in  roll  and  pitch,  since  this  seemed  to  ease  the  pilot's  control 
problem  and  was  in  any  case  easy  to  achieve.  However,  when  attempts 
were  made  to  lay  down  realistic  criteria  for  stability  based  on  response 
to  shifts  of  CG,  etc.,  it  was  found  that  the  additional  lift  power  required 
for  the  stabilizing  jets  was  expensive  and  that  sufficient  control  to 
override  the  inherent  stability  was  difficult  to  obtain  (Reference  8). 

It  was  suggested  in  Office  of  Naval  Research  (ONR)  Report  ACR/NAfi- 
26,  Reference  9.  that  many  advantages  accrued  from  the  use  of  a  simple 
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autopilot  to  control  the  GEM  in  pitch  and  roll,  and  from  leaving  the  heave 
mode  (in  any  case  the  most  well  behaved)  uncontrolled. 

The  following  advantages  were  claimed  for  such  a  system. 

a.  Considerable  savings  in  cost  could  result,  since  the  major 
item  of  cost  in  a  GEM  is  the  cost  of  the  engines,  and  the  lift  power 
would  need  to  be  increased  by  15  or  20  percent  if  stabilizing  jets 
were  fitted.  It  is  shown  in  Appendix  I  that,  using  the  assumptions 
of  ONR  Report  ACR/NAR-26,  the  cost  of  an  annular  jet  GEM  with 
trunks  is  reduced  at  least  10  percent  for  a  given  payload  by  fitting 
the  machine  with  a  simple  autopilot,  even  after  allowing  generously 
for  the  cost  of  the  SiUtopilot.  Insufficient  data  exist  for  a  similar 
comparison  for  the  Martin  vehicle, but  the  costs  are  probably 
similar. 

b.  The  machine  would  not  be  so  greatly  affected  by  waves  since  the 
pitch  response  could  be  excited  only  through  static  stability.  If 
the  machine  had  negligible  static  stability  and  a  pitch  angle  auto¬ 
pilot,  then  there  would  be  no  pitch  response  and  the  waves  could 
affect  the  machine  only  through  the  heave  response.  This  point 
has  been  examined  in  detail  later  in  "Motion  Over  a  Wave  Sur¬ 
face,"  where  it  is  assumed  that  the  heave  and  pitch  frequencies 
and  damping  ratios  are  muc  h  the  same  (as  is  normally  the  case) 
and  where  it  is  shown  that  for  most  frequencies  and  wavelengths 
encountered,  t)ie  hovei'  height  required  to  clear  waves  without 
impact  is  50  perc  ent  greater  for  the  machines  which  are  free  to 
pitc  h. 

(Note:  Impac  t  may  occur  at  bow  or  stern.) 

c .  At  high  speed  the  normal  GEM  is  likely  to  be  troubled  by  a  com¬ 
bined  roiling  and  yawing  oscillation  akin  to  the  "Dutch  Roll"  of 
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an  airplane.  It  is  hard  to  eliminate  this  effect  aerodynamically, 
but  a  suitably  designed  autopilot  could  provide  a  ( omplete  cure. 

d.  Over  a  hard  surface  the  normal  GEM  tends  to  follow  the  lowest 
lontoui'.  In  addition,  traversing  even  a  slight  slope  will  demand 
either  ( ontinuous  roll  control  to  hold  the  mac  hine  level  and  henc  e 
cancel  the  effec  t  of  the  slope,  or  continuous  side  force  to  hold  the 
banked  mac  hine  on  its  course.  Both  of  these  are  expensive  in 
power,  since  continuous  control  requires  just  as  much  power  as 
the*  stability  power  it  is  overcoming.  The  autopilot  GEM  wastes 
no  power  to  protnote  stability.  It,  therefore,  uses  little  power  to 
maintain  its  orientation. 

e.  In  the  c  ase  of  an  amphibious  lighter  GEM,  maneuvering  onto  or 
near  a  well  deck  ship  or  other  amphibious  shipping,  it  would  be 
unaffected  by  the  roll  of  the  ship  or  of  the  water  surface.  This 
would  make  operations  much  easier  in  a  seaway,  especially  if 
the  GEM  were  operated  at  speed  and  the  ship  had  a  dry  well  deck 
and  flexible  trail  mat  as  proposed  in  Reference  9. 

f.  The  hump  drag  over  water  would  be  appre'' lably  reduc  ed  at  some 
sacrifice  of  height. 

2.  Application  of  the  Autopilot 

Most  GEMs  are  deficient  in  lateral  and  pitch  control  and  sometimes 
suffer  from  a  long  lag  in  the  control  system, which  makes  it  difficult  to 
use  a  really  simple  autopilot. 

The  lift  of  the  Martin  machine  is  controlled  by  the  power  of  the  ejector 
jets,  and  these,  being  operated  by  air  at  fairly  high  pressure^provide 
a  rapid  response.  Response  to  a  sudden  change  in  air  pressure  has  not 
been  measured,  but  estimates  are  that  the  change  in  rolling  moment  due 
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to  the  chat  'o  in  secondary  flow  rtioinentutn  and  to  Me  hartge  in  cavity 
pressure*  is  obtained  within  20  milliseconds.  This  is  followed  by  a 
somewhat  slower  readjustment  of  the  base*  pressure  whii  it  does  not 
in  any  c'ase  give  the  major  component  of  control  mc)iTient. 

Hence,  if  the  lateral  jets  arc*  coupled  transvc'rsc'ly,  a  valve*  can  bt*  in¬ 
stalled  which  will  incrc'ase  the*  flow  to  c^ne  side*  and  dec  reasc*  that  to 
the  other  without  greatly  affecting  the*  total  flow.  Sue  li  a  valve*  neocls 
only  a  very  small  hinge*  mom(*nt  (on  the  c:)rder  of  20  pouml-inc  hc*s  or 
so  at  the  maximum,  and  possibly  much  less). 

3.  Control  Power 

Control  power  available,  as  compared  to  that  required  to  overcome  the 
slight  static  instability  at  small  angles  is  shown  m  Figure*  02  Thi.' 
shows  that  with  only  a  1-psi  pressure  differential  and  a  10-<legree  exit- 
flap  angle,  a  maximum  mcjment  of  1600  foot-piounds  is  available.  Since* 
the  injectors  actually  run  at  f)  to  7  psi,  a  much  lower  diffc*rential  can 
be  used.  In  practice,  the  result  will  probably  be  doubl(*d, giving  2680 
foot-pounds,  or  //Lw  =  0.027. 

The  margin  of  control  powc*r  is  ample  to  cope  with  the  possibility  of 
any  unstable*  rolling  moments,  until  the  limiting  angle*  of  2,1  degrees 
is  reached.  At  that  point  the  c  learance  on  the  low  side  is  half  the  hover 
h  *ight.  If  it  is  assumed  that  no  variation  of  lift  with  roll  angle  occurs, 
then  the  machine  can  roll 

ct>  =  tan  ^  IR  in.  x  2/20  ft  =  8.5  degrees, 
max 

If  we  assume  that  the  hover  height  is  only  preserved  at  the  upper  edge, 
the  maximum  roll  angle  is  4.3  degrees.  The  true  maximum  roll  angle 
is  probably  between  the  two,  say,  6.5  degrees. 
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(Results  shown  are  for  t  1  psi  pressure  differential  and 
10°  flap  deflection) 


Moment  versus  Control 
Angle  at  Constant  Lift 
L  s  5000  lb.  hj,  s  18  in. 

Injector  Pressure  =  5  psi 


It  was  suggested  in  Referent  es  H  and  9  that  a  useful  GEM  should  pos¬ 
sess  a  mai'gin  of  ecaitrol  power  to  cope  with  asymmetric  loading  of  the 
t  argt).  The  detailed  study  of  possible  cargoes  made  in  these  referent  es 
showed  that  early  t'stimates  were  ext  essive,  since  nt)rmally  t  argoos 
consisted  of  one  lai'ge  item  mt)unted  centrally  in  the  lt)ading  bay,  and 
par  tial  off  Icjadings  were  very  unlikely. 

Assuming  that  a  20- foot- wide  GEM  might  have  a  targo  bay  10  feet  wide 
and  tha  'pical  loads  would  be  B  feet  wide,  a  load  t  t)uld  st  art  ely  be 
latei  ”y  off  t  enter  by  more  than  4  inches  (i.e.,  double  gap  one  side). 
Assuming  a  payload  of  2000  pounds  for  a  .SOOO-pound  mat  hint*,  this  im¬ 
plies  a  maximum  moment  of  670  foot-pounds.  This  is  well  within  the 
capability  of  the  control,  especially  if  it  is  assumed  that  the  pilot  would 
use  l.ie  exit  flap  angle  as  an  auxiliary  trim. 

Allowance  must  also  he  made  for  aerodynamit  effects  due  to  sideslip. 
There  is  a  large  aerodynamic  moment  resulting  from  sideslip  at  high 
speeds  for  most  GEM's  (Reference  7).  This  is  due  partly  to  side  fort  es 
on  the  body  and  fins,  but  mainly  to  the  offset  aerodynamic  lift  whic  h  is 
prompted  by  body  depth.  The  low  silhouette  of  the  Martin  research 
vehicle  will  minimize  this  effec  t.  For  preliminary  trials  an  allowanc  c* 
must  be  made  for  the  390-pound  aerodynamic  lift  to  shift  laterally  al¬ 
most  to  the  l/4-beam  point  at  90-degree  sideslip.  For  a  more  normal 
30-degree  sideslip,  this  would  imply  a  moment  of  390  x  3  foot-pounds 
=  1170  foot-pounds. 

This  could  be  serious,  but  fortunately  the  Martin  machine  features  a 
c  entral  "spine"  housing  the  pilot  and  engine.  When  the  mac  hine  side- 
slips^the  pressure  distribution  on  the  spine  is  reflected  onto  the  lifting 
body,  tending  to  roll  the*  windward  side  down.  It  is  estimated  that  this 
tendency  will  I'oughly  halve  the  value  of  the  t  olling  moment  due  to 
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sideslip  (Figure  83).  Hence,  the  research  ’  chicle  possesses  sufficient 
cot.ii’ol  power  in  roll  to  fill  all  possible  requirements  and  has  an  ade¬ 
quate  margin  if  the  exit  flaps  are  used  to  help  trim. 

It  is  suggested  that  the  autopilot  should  control  the  whole  of  the  pres¬ 
sure  differential  to  the  nozzles  (1300  to  2600  foot-pounds),  but  that  this 
should  be  done  through  a  force  feedback  actuator  so  that  direct  manual 
ovei'ride  is  possible  if  desired.  In  addition,  the  pilot  would  have  control 
over  the  exit-flap  angles  as  trim  devices. 

In  pitch  the  requirements  are  broadly  similar,  except  that  control  power 
may  be  somewhat  less  in  proportion.  There  will  be  no  requirements 
for  control  in  pitch  due  to  sideslip,  but  the  aerodynamic  lift  acting  on 
the  body  will  give  a  nose-up  moment  of  about  2900  foot-pounds  at  the 
maximum  speed  of  40  feet  per  second.  Since  this  moment  will  increase 
steadily  with  the  speed,  it  is  suggested  that  the  machine  be  trimmed 
nose  heavy,  to  the  extent  of  1500  foot-pounds  or  so,  by  adjusting  the 
CG  position,  and  that  it  be  balanced  for  level  flight  by  offsetting  the 
exit  flaps.  As  the  speed  increases,  the  exit  flaps  can  be  returned  to 
a  symmetrical  position  and  then  reversed.  Since  this  is  a  very  slow 
change,  the  autopilot  will  not  be  required  to  cope  with  it.  The  very 
large  nose-up  trim  due  to  the  effect  of  the  intake  will  be  minimized 
with  the  Martin  research  vehicle,  since  the  primary  airflow  is  so  much 
less  than  the  jet  flow  of  the  annular  type  machine. 

4.  Major  Features  of  the  Stabilization  System 

The  major  requirement  for  a  GEM  roll  and  pitch  stabilization  system 
is  that  it  be  capable  of  holding  the  GEM  level.  This  implies  that  the 
autopilot  must  provide  a  restoring  moment,  proportional  to  angular 
displacement,  sufficient  to  overcome  moments  resulting  from  a  CG 
shift,  wind  gusts,  and  the  inherent  instability  of  the  Martin  vehicle. 
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Figurt*  83.  Vehicle  Rolling  Moment  in  Sideslip 
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Th('  resolution  of  the  system  must  be  sufficient  to  detect  errors  as 
small  as  l/4  degree. 

A  suitably  simple  pitch  and  stabilization  system  has  been  studied  and 
is  described  later  in  "A  Preliminary  Assessment  of  the  Basic  Autopilot 
Charat  teristir;;. ''  This  system  would  result  in  a  machine  having  mut  h 
the-  same  fie.juency  and  damping  characteristics  as  a  stable  GEM.  ex- 
e.ct  that  the  response  to  surface  wavi-s  will  be  reversed  in  direction, 
"ur  thermore,  since  the  unstable  moments  (if  present)  will  be  small  in 
magnitude,  the  response  of  the  machine  to  a  rising  slope  of  5  degrees 
will  still  not  exceed  minus  l/2  degree.  Therefore,  even  this  sim.ple 
autopilot  gives  a  considerable  improvement  in  behavior  as  compared 
to  an  inherently  stable  GEM  which  will  follow  the  surface  contour. 

This  system  is  recommended  for  ex;'  ;riments  to  study  the  behavior  in 
artificially  stabilized  GEM  and  includes  additional  components,  a  rate 
gyro,  and  rate  servo.  This  system  gives: 

a.  Greatly  reduced  response  to  surface  waves; 

b.  Damping  necessary  to  eliminate  wave  resonance; 

c.  Excellent  high-speed  characteristics; 

d.  Resistance  to  CG  shift  and  the  ability  to  park  on  a  slope. 

A  sudden  application  of  a  rollir.o  moment  of  ^OO  foot-pounds  will  result 
in  a  partial  roll  displacement  of  1  degree  a:id  a  lateral  displacement  of 
1  foot. 

For  experimental  work  all  necessary  components  would  be  guided  mis¬ 
sile  components  and  various  systems  would  be  investigated  by  the  use 
of  DC  computing  techniques  and  a  single  "patch-panel"  permitting  any 
desired  components  or  assembly  of  the  components  to  be  tested.  Since 
the  required  units  are  all  in  "quantity  production",  a  complete  set  of 
parts  for  roll,  pitch,  and  yaw  control  will  not  cost  more  than  $10,000 
or  weigh  more  than  75  pounds. 
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One  o  the  various  systt'ms  have  been  evaluated  in  the  flight  test  pro¬ 
gram,  it  will  he  possible  to  investigate  the  use  of  c  ommere  ial  light  air¬ 
craft  autopilot  ( omponents  sue  h  as  are  marketed  by  Tac  tair,  Mite  hell, 
and  Lear.  Suc  h  systems  can  be  purchased  at  a  cost  of  about  $1000  per 
channel  complete.  Tht'  weight  per  chann<‘l  will  be  less  tlian  10  pounds. 
There*  is  no  doubt  tiiai  these  (oinmercial  c otnponc'nts  could  he  used  to 
assemble*  the  fir*-’  -  'stem,  but  in  comparison  with  the*  more*  versatile* 
components  d*'S(  ri-  *  above,  the  te*st  results  would  be  ve'i  y  reslr ie  ti  ve*. 

The  economic  studies  of  Appendix  I  assumed  that  an  autopilot  ernploy- 
’’ng  commercial  components  could  be  built,  but  the  savings  are  so  great 
in  the  overall  eost  of  the*  researc  h  ve  the  le  that  the  co.st  of  the  autf)pil')t 
itself  is  quite  mint*.  . 

5.  Manual  Qverrici  ■ 

The  angular  ac  celc*ration  available  for  manual  override  lA  autopile^t 
control  system  i.  about  1/2  radian  per  second*^  or  500  m.is  per  second^ 
with  full  control  in  roll.  If  the  pilot  were*  to  use  sini; . rg-bang  con¬ 

trol,  in  an  einrr  .;cncy  he  could  maintain  flight.  Aceex-.,  g  to  rece*nt 
experiments,  he  could  control  within  a  limit  of  approx im'*iely  ±  15  mils 
(jr  ±  1  degree  (see  Reference  10).  ^In  fact,  these  measurements  were 
made  with  a  pilot  simply  acting  as  an  observer,  and  tests  at  APL/.JHU 
on  a  controller  seated  in  a  controlled  object  show  that  the  accuracy  is 
increased  several  times  by  kinesthetic  feedback  (see  Reference  11). 
Therefore,  in  c  ase  of  a  failure  of  the  autopilot  controls,  the  pilot  would 
be  able  to  control  the  machine  satisfactorily.  Certainly,  the  problem 
of  GEM  control  is  no  more  c  omplex  than  thM  of  the  helicopter.  Thet  e 
are  also  simple  systems  of  control  desc  ribed  later  in  the  section, 
"Alternate  Forms  of  Control"  which  permit  direct  manual  operation. 
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Stability  and  Control  in  Yaw 

The  Martin  GEM  is  a  large  unwieldly  object  with  no  yaw  stability  an  1 
very  little  damping.  The  angular  acceleration  provided  by  the  engine 
efflux  is  ±  1/2  radian  per  second^.  Comparison  of  this  acceleration 
with  the  results  for  helicopters  (see  Figure  84  and  Reference  12)  sug¬ 
gests  that  it  would  feel  sluggish.  This  acceleration  is  appreciably  less 
than  the  value  of  1.26  radians/second^  for  GEM  III,  even  allowing  for 
the  increased  length. 

Control  would  be  greatly  improved  by  a  simple  autopilot  capable  of  pro¬ 
viding  a  weak  heading  reference  and  sufficient  damping  to  give  a  velo¬ 
city  time  constant  of  1  second  in  the  absence  of  the  heading  signal.  The 
pilot  could  then  override  the  heading  signal  for  gross  maneuvers  and 
still  have  the  facility  of  heading  reference  control  during  long  runs. 

The  components  necessary  for  this  purpose  are  available  in  many  light 
aircraft  autopilots.  It  is  proposed  to  assemble  a  breadboard  system  to 
explore  pilot  preferences,  since  the  GEM  is  a  new  form  of  transportation 
and  there  is  little  previous  background  experience  concerning  it. 

At  high  speeds  the  GEM  will  be  directionally  unstable  at  small  angles, 
to  the  extent  of  roughly  1500  foot-pounds  at  l/2  radian  sideslip.  This 
is  the  maximum  that  can  be  controlled,  but  a  better  solution  would  be 
to  add  small  low-aspect»ratio  fins  at  the  rear  as  shown  in  Figure  85. 

Alternate  Forms  of  Control 

1.  Uni  vector  Control 

Univector  control,  a  very  simple  system  of  control  which  eliminates 
the  autopilot,  but  produces  similar  results  under  suitable  conditions, 
was  invented  by  Walker  several  years  ago.  This  system  has  never 
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l)r(>n  tostcfi  bccujso  of  the  Ia(  k  of  a  suitable  tt‘st  veiiu  le  with  good 
control  r  I'sponse. 

In  this  system  the  pilot  does  not  dii  (‘(  tly  c  iintrol  the  m.'  c  hine;  he  aims 
a  simple  sight  at  the  point  on  the  horizon  he  wishes  to  reach.  At  the 
sariK'  time,  he  holds  a  cross  wire  level  with  the  hor  izon  (Figure  HG). 

It  is  obvious  that  this  procedure  establishes  a  diroition  referenc  e,  a 
roll  refc’rt'tu  e,  and  a  pit<.  h  rcferem  <•  .ill  uith  no  drift,  relative  to  tlie 
c  raft  itself.  Quite  apprec  iable  forces  could  be*  withdrawn  from  the 
sight  to  o[)eratc  control  valves  dii  e,  tly  if  desir(*d.  Indeed,  a  combina¬ 
tion  of  springs  and  damp'M  s  (ould  be  u.'-od  to  genei  .ite  artificial  damp¬ 
ing.  H')We\-er,  it  would  be  ..impl* f  .it  first,  on  a  tc-st  vehu  le,  to  gener¬ 
ate*  tfu*.'-e  signals  electrically  and  t*)  nper.de  ttirougli  elei  trical  st'rvtu;. 

Steering  would  be*  simi'li'ied  by  mounting  'lie  tompass  on  the  sight 
itself.  Then  maiK'UVering  i  ould  [)••  .u  (omplished  by  hanking,  with 
or  without  a  c  hange  of  lu'ading. 

This  system  is  partic  ularly  suitable  for  (  ontrolling  tin  Martin  reseaia  h 
v<  I  i«  h'  .sill'  »•  the*  ac'rodynani n  dd<  ■•iit.s  .villnot  lomplitate  rnaneu- 
v»*i  a|)prei  iably. 

2.  1  •  nduluiii  ('ont  rol 

\l  II  tteiiipts  have  bt  .  u  mad'  i  •  |  •  n  )ii!um,->  tor  '  '’iitrol  m  .mnipb 
aiitoj  ots  The  inatheMatn  n  ■  r*.  hi:;'  ult  bt  »  m  <  id  tin  !  irg* 

etn  (  !  »  f  the  acceleration  terms  ()iiit'  it  ,  realized  t  bat  the  dyiaunic  s 
of  the  pendulum  must  b*  rc’laled  to  tho- f  id  the  (JFM  and  control 
ac  hit  ved  from  the  pendulum  transient,  e  solution  is  po.  siblc*. 

A  peiitlulum  eoultl  be  used  to  control  tl.i  transient  behacior  of  the  re- 
s(>aii  h  vehic  le  provided  that  the  p<*riods  td'  oscillation  wore  long  and 
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iiiulampcd.  This  <  mild  hr  achieved  vct-y  simply  usinj»  an  air  bearing, 
and  th<*  rosrarch  vchic  h'  wtudd  he  a  v«*ry  suitable*  platlonn  on  which 
to  tost  th'*  devil  e. 

Ii  l!)()0,(‘xp(‘riments  W'  >  made  witli  a  ball  mmiiii'  d  in  a  set  oT  .  ir 
hearings  ,is  referee  ■  devii  e.  I'rorn  the  se  «*xf  e r  im ent s  it  was  de¬ 
cided  that  the  si  lienn  was  le.i.sible.  S  ii  h  a  devn  e  is  {)rr*sei  tod  ln‘r  « 
only  to  show  the  aossib  lit>  of  tte  reseaia  h  \ehi*  b*  as  a  test  bc'd  for 
new  and  attrac  ti\ e  ide  is.  The  u.  e  of  a  simple  .'.hetdard  tliree-axi; 
autopilot  with  'dci  ti  u  pii  k<  ll.'  is  favored  as  the  initial  si  p  in  ani  sui  h 
evaluation  program. 

Maneuverability 

Sim  e  the  low  speeds  available  foi  the  flight  test  f>rogi  .m.  rule  out  aero¬ 
dynamic  control,  maneuvcT  must  gc*nerally  be  ac a  ornpbstieo  by  biasing 
the*  autopilot  to  tilt  the  mac  hine.  The  research  machine  will  be  vc  r  v 
docile,  sinc  e*  the  stc'ady-' fate  condition  will  be  one  of  res*  with  i,  •  ieflc  i 
tion  in  i  oil  or  pile  h. 

I.  (jene*'al  CcjnSid'-ratioes 

'  \  1  :  h  th.'  pi  opos'vj  all  top  dot  .  dlf  1  >  :  b  it  could  IcMVt  his  .Sea*  Old  Walk 

.ii"iind  ‘Im  mac  liii  *■,  •.'•t  tl.'  ina\iinuni  'lispl  ic  enu’nt  w.  a.  :  o*  o;  Iv  .. 
t*  M  t<“e  .  .AssuiP. .!  g  Ml  c  (l-(|•■gt(l  'll*  1 ;;  pe '  tn  1 1’ •■cl.  1  ii-'  !■  ■arcu 
vc-liicb  woulci  g-'ii'  rote  o.lo.ig,  gr.  mg  .«  ■t2b-loot  turning  •  n  le  at  2.i 
milc's  (ler  hcjur.  'riii.->  is  rath«*r  p<-i:'  compared  to  a  car,  atid  appt  ei  i- 
ably  worse  than  mos*  displaceme!  t  craft.  It  woulci  seem  tiiest  to  t'xperi- 
rnent  with  the  latid  uncierc  a  triage  over  the  ground  by  adjusting  the  lift 
until  about  10  percc*nt  is  carried  on  the  wheels.  Tests  c  u  ducted  in 
England  by  Folland  and  Vic  kers  have  shown  that  this  leads  to  very  effec 
tive  control  and  maneuver  at  low  speeds. 
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However,  the  GEM  does  have  one  great  advantage  over  other  craft.  At 
lower  speeds  the  lateral  maneuverability  is  still  the  same  and  there  is 
no  lower  limit  to  the  turning  circle.  Figure  R7  shows  the  if  the  various 
Cl  ft  are  compared  on  the  basis  of  turning-c  ircle  radius  pe  unit  length, 
the  Martin  research  vehicle  is  as  good  as  a  car  at  high  speeds,  and 
much  better  than  ship  or  car  below  10  miles  per  hour.  The  apparent 
ease  of  maneuver  in  a  car  is  due  to  the  use  of  banked  turns  by  our  high¬ 
way  engineers.  The  apparent  poor  precision  of  GEM  maneuvering  is 
due  to  the  use  of  inadequate  and  sluggish  controls  and  to  the  complic  a- 
tion  of  the  control  systems.  The  proposed  autopilots  should  go  a  long 
way  ti  ward  (orrecting  these  deficient  ies. 

The  F*^fect  of  Wind 

In  the  hover  condition  the  most  serious  effects  of  wind  will  be  sideforce. 
Assuming  that  a  wind  of  25  miles  per  hour  blows  on  the  machine  from 
the  beam,  it  will  generate  a  force  due  to  a  sideforce  coefficient  of  1.0 
acting  roughly  on  the  entire  side  urea,  '^he  siue  area  Is  about  170 
square  feet  allowing  for  the  fins;  the  result  is  a  maximum  sideforce 
of  100  pounds.  This  can  be  nullified  by  barking  the  machine  through 
100/5000  radians  or  1.15  degrees.  Since  at  a  90-degree  sideslip  the 
machine  will  be  .utmost  neutrally  stable,  the  yawing  moments  will  be 
very  small  and  easily  controlled. 

In  forward  flight  a  IS-mile-pcr-l.our  wi:  gust  directly  across  the 
course  will  generate  a  transient  sideslip  angle  of  tan"  ^  15/25  or  31 
degrees.  There  will  be  little  disturbance  in  yaw  if  the  fins  are  cor¬ 
rectly  sized,  but  there  will  be  a  transient  rolling  moment  of  about  50 
percent  of  the  capacity  of  the  autopilot,  ana  a  transient  roll  of  about 
1  degree  downwind. 
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These  results  suggest  that  the  researc  h  vehicle  will  be  able  to  perform 
trials  successfully  in  steady  or  gusty  winds  of  up  to  15  miles  per  hour, 
which  is  a  very  considerable  proportion  of  the  available  forward  speed. 
In  contrast,  the  tests  on  the  annular  GEM  III  at  Langley  AFB  were  aban¬ 
doned  when  the  wind  velocity  exceeded  7  miles  per  hour.  However, 

GEM  III  has  about  the  same  side  area,  for  a  gross  weight  of  only  1850 
pounds,  or  37  percent  of  that  of  the  research  vehicle,  and  is  probably 
too  stable  in  yaw  for  comfortable  handling.  References  13  and  14. 

Human  Engineering  of  the  Control  System 

It  is  most  desirable  that  the  control  system  of  a  new  form  of  transport 
such  as  the  GEM  should  be  engineered  to  agree  with  long-held  conven¬ 
tions,  and  also  should,  if  possible,  be  consistent.  Two  basic  conventions 
are  current  at  present: 

1.  Conventional 

In  conventional  control,the  operator  assumes  that  he  is  seated  on  a 
fixed  point  in  space  and  applies  force  or  moment  to  the  machine  to  urge 
it  in  the  direction  he  wishes  it  to  go.  The  steering  of  a  bicycle  and  the 
banking  of  an  airplane  are  examples  of  conventionally  coupled  controls. 

2.  Kinesthetic 

In  kinesthetic  control  the  operator  strives  to  maintain  his  equilibrium 
in  a  moving  environment  by  assuming  that  he  is  at  fault.  On  a  lifting 
platform,  if  the  nose  rises,  the  operator  leans  forward  to  keep  his  own 
position  fixed.  In  this  concept,  control  signals  are  sometimes  the  re¬ 
verse  of  conventional. 

3.  General  Considerations 

Some  controls  are  unsound  but  are  so  well  established  that  nothing  can 
be  done  to  prevent  their  being  used.  The  best  example  is  that  of  the 
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Pj  rudder  pedals  in  an  airt  raft,  or  the  footbrake  of  a  car.  The  former 

system  is  best  avoided  for  GEM's,  but  the  latter  is  very  commonly 

i 

I  used  and  understood. 

n*  For  the  GEM,  it  is  assumed  that  the  c  onventional  system  is  best,  and 

angular  displacements  will  be  corrected  by  moving  some  control  as  if 
it  were  rigidly  connected  to  the  machine.  Similarly,  in  general,  dis¬ 
placements  should  be  effected  by  displacement  of  a  control. 

A  great  simplification  of  the  research  vehicle  is  the  elimination  of  a 
separate  sideforce  control.  The  pilot  can  easily  learn  to  treat  roll  as 
both  roll  angle  and  also  as  rate  of  change  of  heading.  This  will  ease 
his  problem  and  those  of  the  designers  considerably. 

The  suggested  Univector  control, shown  in  Figiire  86,  meets  these  require¬ 
ments.  A  rotation  of  the  control  unit  nose  down  produces  a  nose-down 
trim  change,  a  rotation  to  the  right  produces  a  bank  to  the  right,  and  a 
rotation  to  the  left  about  the  vertical  column  produces  a  rotation  of  the 
machine  to  follow. 

The  usual  car  accelerator  is  so  well  understood  that  ^rom  a  human 
factors  standpoint  it  cannot  be  bettered.  It  is,  in  any  case,  a  conven¬ 
tional  control.  Similarly,  the  footbrake  is  well  und  'rstood,  although 
theoretically  poor.  An  emergency  brake  pedal  might  be  provided  for 
the  left  foot  which  would  first  give  full  nose-up  trim,  and  then,  through 
a  detent,  cut  the  lift  engine. 

Vertical  altitude  will  surely  be  controlled  by  the  speed  of  the  main 
engine,  and  exit-flap  angles.  These  could  be  simple  trim  controls. 

Lateral  force  is  unnecessary  and  not  available.  The  main  side  force 
will  be  provided  by  a  bank  angle,  with  trim  for  skid,  and  special  train¬ 
ing  or  other  devices  will  be  needed  to  enable  the  pilot  to  make  the  best 
use  of  it. 
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The  results  with  the  Air  Research  Simulator  show  that  directing  a 
GEM  accurately  is  not  easy.  Here  again,  the  use  of  an  electric  auto¬ 
pilot  with  electric  control  will  facilitate  experiment  with  unorthodox 
combinations  of  controls. 

Motion  Over  a  Wave  Surface 

As  compared  to  annular  jet  and  plenum  chamber  GEMs  of  the  same 
size  and  weight,  this  recirculation  GEM  exhibits  the  interesting  feature 
of  having  a  rather  low  stiffness  to  angular  displacement  in  pitch  and 
roll,  relative  to  the  surface  over  which  it  is  flying.  This  is  in  combina¬ 
tion  with  fairly  powerful  sources  of  available  control  moment.  There¬ 
fore,  the  Martin  GEM  offers  the  possibility  of  experimentally  investi¬ 
gating  the  means  and  merits  of  attitude  stabilization  in  pitch  and  roll. 

The  question  arises,  does  stabilizing  in  pitch  improve  the  sea-keeping 
qualities  of  the  machine?  Some  insight  into  the  behavior  of  a  GEM  in 
a  fully  developed  sea  can  be  obtained  by  examining  the  simpler  case  of 
the  GEM  operating  over  a  heavy  swell.  By  this  we  mean  a  sea  with  a 
single  component  of  wavelength  and  height.  Such  a  sea  will  have  a 
unique  wave  celerity  associated  with  the  wavelength,  but  relative  to 
the  GEM  the  velocity  of  the  waves  will  be  compounded  of  the  wave 
velocity  and  the  GEM  speed.  The  frequency  of  encounter  will  be  depend 
ent  on  the  latter.  Therefore,  the  GEM  should  be  considered  as  operat¬ 
ing  over  a  waving  surface  whose  frequency  and  wavelength  are  inde¬ 
pendent  of  each  other. 

A  preliminary  consideration  will  be  the  response  of  the  GEM  in  heave 
alone  when  flying  over  a  heaving  surface,  that  is,  one  that  is  rising  and 
falling  in  a  regular  periodic  manner.  Many  authors  have  discussed  the 
heave  motion  of  GEM  s  over  a  fixed  surface  and  derived  a  differential 
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equation  of  the  third  order  with  constant  coefficients.  By  rejecting  the 
highest  frequencies  as  being  of  little  interest  to  a  GEM, this  is  reduced 
to  a  second  order  equation.  It  then  relates  to  a  single  mode  of  damped 
oscillation  as  the  GEM  returns  to  its  equilibrium  position  after  a  dis¬ 
turbance  in  height. 

Thus, 

(D^  +  2;u)D  +  J^)  Z  =0  (52) 

where 


u)  =  natural  frequency  with  zero  damping 
^  =  dam.ping  ratio. 

This  has  the  complementary  function 
Z  =  e  cos  ^u)vX~-  t  +  aj  . 


(53) 


If  the  surface  is  moving  vertically^its  velocity  and  position  will  add 
to  the  GEM' s  velocity  and  height  in  generating  force  on  the  mass  of 
the  machine. 


Thus,  we  have 


Z  *  -  (2tu)D  +u^)  y  (54) 

where  y  is  the  height  relative  to  the  surface. 

That  is, 

(D^  2;u)D  +  u,^)  y  =  h  (55) 

where  h  is  the  height  of  the  surface. 


145 


Then  the  Partic  ular  Integral  is 


h 

9  ^ 

D  +■  24u)D  + 


(56) 


Adding  the  Complementary  Function,  after  the  transient  has  subsided. 


y  =  yo  "  -2 


h 


(57) 


D  +  2Cu)D  +  w 


That  is. 


y  =  Z  +  h 

°  +  2;u)D  + 


(57) 


Let  the  surface  be  moving  up  and  down  in  a  regular  cyclic  manner 


h  =  —  (sin  #it). 


(58) 


Then, 


y '  "  12 


D  +  2^u>D  +  u) 


^  (sin  pt) 


=  + -y  •  sin  (#it  +  U 


(59) 


where 


2  2  2  2  2 
T  =  4C  ♦  4>  -  1 


(60) 


24*  xi 

tan  i  ~  — ~ — ,  and  * 

(♦^-U 


(61) 


This  applies,  of  course,  only  to  the  motion  over  a  sea  whose  wave¬ 
length  is  long  compared  to  the  GEM. 
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The  motion  over  a  relatively  short  sea  may  be  examined  by  c  onsider- 
ing  the  GEM  to  be  formed  of  two  compartments,  front  and  rear,  each 
having  the  characteristics  of  the  GEM  in  heave  when  working  together, 
but  modifita  by  an  efficiency  factor  when  working  differently.  This 
factor  may  be  applied  to  the  nominal  distance  between  the  two  compart 
ments,  thus  affecting  the  pitching  moment  only  (Figure  88). 


Figure  88.  Motion  Over  Short  Sea  (Pitch) 

Thus  if  Lf,  Lj.  are  the  vertical  forces  acting  on  the  front  and  rear 
halves  respectively. 

Heave  lift  =  L,  +  L 
f  r 

Pitching  moment  =  (L^  -  L^)  at) 

where  is  the  efficiency  factor  referred  to  above. 

Let  the  sea  have  a  wavelength  \,  and  let  the  height  of  the  sea  above 
its  mean  height  be 

hg  =-j(sinfit)  amidships  of  the  GEM.  (62) 

Then  the  phase  difference  between  the  front  and  rear  is 

2ir  a/x  =  2€.  (63) 
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Considering  only  heave  motion,  and  supporcing  the  pitch  to  be  stabilized, 
(Figure  80). 

H  — r— 

h  front  «  —  •  sin  ^it  +  « 

h  rear  «  —  *  sin  *it  -  € 
h  mean  *  (h  front  +  h  rear) 

H 

*  —  •  cos  €  •  Sin  pt . 

Therefore,  using  the  result  of  Equation  (59 )» 

H 

y  mean  =  cos  €  •  ^  sin  (/it  +  |)  (64) 

(y  mean  is  the  mean  height,  front  and  rear,  relative  to  the  mean  sea 


Figure  89.  Motion  Over  Short  Sea  (Heave) 

The  bow  clearance  is  given  by 

y  bow  •  y  mean  +  h  mean  -  h  bow 

H  H 

*  y  mean  +  (y)  cos  t  •  sin  /it  -  (-j)  sin  /it  -  2i  (65) 
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and 


H  H 

y  stern  =  y  mean  +  (— )  cos  c  •  sin  -  (-^)  sin  +  2c 


That  is. 


bow 


stern 


o 


+  (■^)  cos  €  ♦  (^3  ^  i 


H  H 

+  i-^)  cos  €  •  sin  *it  -  (y)  sin  ^t  +  2c 

Z  +  (-^)  B  sin  ^4t  +  V 
o  2 


where  B  is  determinable  from  the  preceding  expressions. 


(66) 


(67) 


The  GEM  will  just  touch  the  waves  at  bow  or  stern  if 


2 


*  B‘ 


(6B) 


B  has  been  evaluated  for  i  =  0.2,  c  =  Q.tt/a  and  n/2  and  the  results  are 
plotted  in  Figures  90,  91  and  92. 

The  pitching  moment  applied  to  the  GEM  is 


I  4  =  (L,  -  L  )  ari 
g  f  r 


(69) 


(.  .L  ) 

I  I  r 


^  .  (2;„n  *  u2)  (y.  .  y^) 


a  2 

— ^  •  n  •  (  Lj  )  0  relative  to  sea 


(2^  u  D  >  u)  )  0  relative  to  sea 
P  P  P 


(70) 
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S  CM 


Wave  Encounter  Frequency 
♦  *  OEM  N*UomI  Frequency' 


Figure  92.  Flying  Height  to  Clear  Waves; 
Wavelength  =  1  x  GKM  Wavelength 
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D' 


e 


P  P  P 


and 


|i  _  _ 

0„__  ' - - -  *  ■= —  (sin  nt  +  I  -  sin  ^t-c ) 

sea  a  2a  r-  • 


(71) 


*  —  sin  €  sin  (*it  +  -) 

3i  C 


(72) 


Therefore,  using  the  result  of  Equation  (61), 


0  -  =0 
rel  sea  o 


rel  sea 


H  .  I  ,  >  ifx 

sin  €  1-2^  I  sin  (/it  +  4  >*5*) 
a  V  T  /  P  ^ 

\  /p 


(73) 


Therefore, 


H  .  ~TTT  ” 

—  sin  €  \^=-J  cos  /it  +  4  -  —  sin  € 

a  xT  /  pa 


cos  /it 


(74) 


where  suffix  (0/T)^  denotes  values  of  4.  <*>  appropriate  to  pitching 

The  effect  of  pitching  on  the  bow  and  stern  wave  clearance  may  be 
written  at  once  as 


Ay 


bow 

stern 


pitching  and 
heaving 


Ay 


bow 

stern 


±  ae 


heaving 


(75) 


and  substituting  the  above  results. 
This  gives 


^  bow  .  2  f-^)  B-  sin  /it  +  y 

■'stern  o  2  1  ' 


(76) 
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The  GEM  will  just  t()U(  h  the  waves  at  bow  or  stern  if 


Z 


o 


H 


2 


2 


(77) 


This  has  been  evaluated  for  tne  simplified  case  when  ^  =  0.2, 

Wp  =  w  and  is  plotted  in  Figures  90,  91  and  92. 


The  results  of  this  analysis  are,  of  course,  no  more  valid  than  the 
initial  assumptions.  Nevertheless  they  suggest  strongly  that  there  is 
much  benefit  to  be  derived  from  stabilizing  a  GEM  in  pitc  h  if  avoiding 
contact  with  waves  is  desired.  The  stabilized  GEM  stays  out  of  the 
water  better  at  all  speeds  and  wavelengths  except  when  wallowing 
(left  side  of  Figure  91)  where  it  seems  benefic  ial  to  let  the  nose  c  ome 
up  as  the  wave  comes  beneath  the  ship. 


The  curves  should  not  be  pressed  too  hard  at  the  right-hand  side.  The 
Martin  GEM  has  a  natural  frequency  around  0.8  cycle  per  second  so 
that  speed  over  the  sea  is  4>  x  0.8  x  wavelength.  In  Figure  85  whc'rc' 
wave  length  -  2t  =80  feet,  (t)  =  2  represents  a  speed  of  128  feet  pei- 
second  over  the  waves.  At  more  moderate  spc«*ds  and  shorter  wave 
lengths,  <^  >  2  is  straining  the  mathematical  model  of  lift, since  i*.  is  a 
function  only  of  compartment  c enten  height. 


Pitch  stabilization  seems  to  have  its  most  dramatic  effec  t  in  quelling 
the  troublesome  resonance  at  <t)  =  1  (Figure  92)  at  wavelengths  equal 
to  the  length  of  the  craft.  At  longer  seas  (twice  the  c  raft  length)  the 
reduc  tion  is  only  about  l/3.  If  the  residue  is  tiresome,  it  may  be  pos¬ 
sible  to  avoid  this  by  varying  the  natural  frequency  of  the  mac  hine, 
since  the  troublesome  condition  is  restric  ted  to  a  narrow  frequenc  y 
band  by  the  pitch  stabilization. 
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The  case  of  the  "long"  sea,  as  considered,  is  somewhat  more  artificial 
than  the  others,  because  it  postulates  that  the  surface  is  flat  beneath 
the  GEM.  Actually  the  case  describes  the  GEM  motion,  pitch  stabilized, 
over  a  heaving  raft  or  deck  rather  than  over  water. 

THE  EFFECT  OF  CONTROL  OF  THE  HEAVE  CHARACTERISTICS 

It  is  shown  in  the  previous  section,  "Motion  Over  a  Wave  Surface,"  that 
the  use  of  control  pitch  and  roll  substantially  reduces  the  response  of 
a  GEM  to  surface  waves  and  permits  operation  in  more  arduous  condi¬ 
tions.  If  such  a  simple  pitch  and  roll  autopilot  is  installed, the  main 
factors  affecting  the  response  of  the  machine  are  the  heave  characteristics, 
and  it  is  of  interest  to  inquir  e  whether  these  also  can  be  appreciably  im¬ 
proved. 

Certain  deductions  can  be  made  at  once: 

1.  Since  the  machine  is  designed  to  fly  at  a  given  lift  and  a  given 
distance  from  the  surface,  any  attempt  to  control  the  altitude 
variations  must  imply  that  the  lift  can  be  raised,  and  this  pre¬ 
sumably  implies  that  the  power  of  the  lift  engine  must  vary. 

Unless  the  engine  has  some  "power  accumulator"  to  absorb  this 
excess  power,  it  follows  that  power  must  be  dissipated  in  some 
other  form  than  lift  when  the  surface  is  rising  and  that  additional 
p>ower  must  be  available  to  supply  additional  lift  when  the  surface 
is  sinking.  Hence,  there  must  be  excess  power  available,  and 
over  an  undulating  surface  the  power  used  will  be  considerably 
increased  (unless  the  excess  power  can  be  directly  fed  into  the 
propulsion  units). 

2.  Since  the  control  system  must  control  the  whole  lift  of  the  machine, 
the  end  organs  (servos  and  controls)  required  will  be  of  co-  siderable 
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size  and  probably  of  cxc  ossive  lag.  The  same  applies, of  course, 
to  the  design  of  an  autopilot  for  a  fully  immersed  hydrofoil,  but 
in  this  case  the  main  control  can  be  drawn  from  hydrodynamic 
surfaces  which  arc  immersed  in  water  and  hydrodynamically 
balanced.  In  such  case, the  response  time  lag  and  activating 
power  are  minimized. 

3.  Some  difficulties  coulu  be  overcome  by  using  a  space  referenc  e 
inertial  autopilot  with  a  GEM  designed  to  give  a  lift  independent 
of  altitude  from  the  surface,  but  this  would  be  a  very  complex 
and  e.-pensive  piece  of  equipment. 

The  above  remarks  are  true  whether  the  autopilot  is  designed  to  modify 
the  static  stability  (heave  frequency)  or  the  damping  of  the  GEM.  It 
was  also  shown  previously  that  in  regular  seas  little  improvement  re¬ 
sults  from  major  modifications  to  the  variables.  Indeed,  a  modest 
damping  ratio  of  0.1  to  0.2  is  probably  as  good  as  any,  particularly  if 
the  region  of  resonance  can  be  avoided. 

It  may  therefore  be  concluded  that  no  simple  autopilot  will  make  any 
worthwhile  modification  to  the  surface  resonance  characteristics  of  a 
GEM  and  that  there  is  no  advantage  to  be  gained  from  massive  in(  reases 
in  damping,  since  the  damping  is  relative  to  the  surfac  e.  The  pilot  can 
appreciably  improve  results  by  taking  care  to  avoid  the  c  ritical  en¬ 
counter  frequencies  and  this  can  be  done  by  changing  course  or  speed 
relative  to  the  waves;  this  procedure  was  adopted  on  several  occasions 
during  the  recent  rough-water  trials  of  ♦he  SRN  2  in  England.  However, 
this  may  not  always  be  convenient  or  possible,  and  the  Martin  researt  h 
vehicle  does  present  an  alternative  possibility  which  is  worth  investi¬ 
gating. 
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By  altering  the  angle  of  the  exit  flaps  and  the  jet  pressure,  the  pilot  can 
appreciably  change  the  inherent  variation  of  lift  with  height,  hence, 
altering  the  natural  frequency  in  heave.  He  can  therefore  adjust  the 
machine  characteristics  while  in  flight  to  avoid  any  resonance  condi¬ 
tion  encountered.  Fulhscale  experiments  would  be  required  to  evalu¬ 
ate  the  effectiveness  of  this  procedure  as  compared  to  a  change  of 
course,  or  speed,  but  in  a  military  operation  the  latter  alternatives 
might  not  always  be  permissible. 

A  Preliminary  Assessment  of  the  Basic  Autopilot  Characteristics 

It  is  shown  in  Appendix  I  that  a  considerable  improvement  in  perform¬ 
ance  and  handling  qualities  of  any  GEM  can  result  from  the  use  of 
artificial  stabilization  of  pitch  and  roll  attitude  using  a  simple  auto¬ 
pilot.  A  difficulty  with  most  available  machines  is  that  the  roll  and 
pitch  controls  are  inadequate  and  sluggish;  but  the  Martin  vehicle  does 
possess  adequate  control  power,  and  the  time  lags  in  generating  control 
movement  are  likely  to  be  acceptable. 

1.  Properties  of  the  Vehicle 

It  is  assumed  that  the  characteristics  of  the  vehicle  can  be  adequately 
represented  by: 

a.  A  linear  variation  of  roll  moment  with  roll  angle  to  the  surface 
to  the  extent  of  600  foot-pounds/degree  which  is  unstable. 

b.  A  damping  moment  proportional  to  rate  of  roll  relative  to  the 
surface  of  approximately  35  foot-pounds/degree-second.  This 
is  sufficient  in  most  cases  to  give  a  damping  ratio  of  about  0. 1  . 

c.  A  roll  inertia  of  3500  foot-pounds  per  second^. 

d.  A  control  moment  which  is  proportional  to  some  control  displace¬ 
ment  and  which  has  a  maximum  value  of  4000  foot-pounds. 
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o.  The  maximum  toll  angle  is  unspet  ified,  sint  t*  the  apparent  un¬ 
stable  static  moment  reaches  a  maxirnunt  at  a  1-  or  Z- degree 
roll-angle  displacement.  Any  system  whit  h  is  acceptable  civer 
the  first  2  degrees  of  roll  is^therefore, certainly  better  for  large 
oseillations  even  if  the  control  moment  is  the  limiting  factor. 

2.  Requirements 

a.  The  vehicle  may  be  slightly  statically  unstable.  A  system  is 
needed  to  provide  positive  static  stability  on  space  axes.  What 
limitation  on  control  lag  can  such  a  system  accept'^ 

b.  The  damping  of  the  vehicle,which  is  derived  from  aerodynamic 
damping  plus  the  jet  flow  damping, is  positive  but  small.  Improved 
overwater  results  might  be  obtained  if  additional  damping  on  spac  e 
axes  could  be  provided  by  the  autopilot. 

c.  It  is  desirable  to  minimize  the  response  of  the  vehicle  to  waves. 
This  could  be  achieved  by  designing  for  neutral  static  stability. 

If  static  stability  or  instability  is  present,  what  is  the  additional 
penalty  for  designing  the  autopilot  to  minimize  surface  response*’ 

d.  If  the  vehicle  operates  over  land  with  zero  static  stability,  it 
will  be  unaffected  by  ground  contours.  Suppose  that  static  insta¬ 
bility  is  present,  what  characteristic  of  the  autopilot  will  elimi¬ 
nate  the  effect  and  permit  vehicle  to  hover  or.  a  slope,  or  to  ac¬ 
cept  a  shift  in  CG  position*’ 

3.  Properties  of  Various  Systems 

a.  Simplest  System  (Provides  roll  stabilization  without  additional 
damping); 

The  signal  flow  diagram  for  the  simplest  type  of  system  (r.o  addi¬ 
tional  control  damping  included)  is  given  in  Figure  93. 
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Figure  93.  Signal  Flow,  Simplest  System 

In  this  figure,  as  shown,  the  signs  of  static  stability  derivatives  +C 
and  damping  —  D  are  selected  to  correspond  to  the  assumption  of  static 
instability  and  stabilizing  damping.  The  input  to  the  static  stability 
derivative  C  is  4>  +  4»*,  the  sum  of  the  inertial  roll  and  effective  roll 
due  to  surface  variations.  Dimensions  are  as  defined  earlier. 

For  this  system  the  loop  characteristic  equation  is 


A  =  S 


(Kj-C)  57.3 


Assuming  that  the  value  of  D  is  sufficiently  large,  control  stability  is 
still  only  obtained  for  Kj-C  positive.  A  value  of  Ki  =  2C_„„  =  1200 
foot-pounds/degree  is  about  the  minimum  allowable  to  provide  adequate 
design  margin  for  the  moderately  smooth  surface  contour  case.  Thus 
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In  (>r(I<*f  to  a(  tuov<‘  this  sor  t  of  (  ontt'ol  hatui  width,  ttir  rxtt  anoous  (  on- 
tt'ol  S(‘rvo  laRS,<'tc. ,  at  fia'rjuonc  ios  noat’  .‘t  oadiaris  must  h<  itiiniroizod. 
A  contr'ol  srr  vo-sot otid  oidr'c  band  jjass  of  12  r  adians  [x  r'  sc«  orul  or- 
about  2  (  ps  sfiould  ho  ado(]uato.  This  irn[)li<  s  that  a  li r-.st*or  dor  ofjui va¬ 
lent  lag  of  about  160  milliseconds  is  aec  (*ptable.  (llnlortunat'dy  a  fluid 
flow  c  ontr’ol  systcMii  of  this  type'  inc  ludes  consider'able  "transport"  lag, 
thu^..  the  ac  c  c'ptabh'  lag  is  appr-ec  iably  lowc'r’  in  this  c  as('  than  th<'  first- 
order'  lag.) 

There  should  be  no  difficulty  in  building  a  system  of  this  type  sine  c-  tin- 
lags  are  unlikely  to  reac  h  these  limits. 

This  system  is  roughly  comparable  in  its  c  harac  teristic  s  trr  the  behav¬ 
ior  of  an  inherently  stable  GEM  with  a  stable  static  roll  moment  of 
600  foot-pounds /degree  except  that  the  response  to  waves  will  be  of 
the  opposite  sign. 


For  the  system  as  shown,  tne  roll  output  cf)  due  to  a  surface  variation 
"  is  given  by 


<t>  c 

1 

0-  ’Kj-C 

1  1 

+  S 

"  D  ■ 

+  1 

(Kj-C)  57.3 

Kj-C 

(80) 


and  in  the  limit  =1,  for  Kj  =  2C  and  inherent  stability  and  no  auto¬ 

pilot  <f>/c|)-  =  -1,  for  Kj  =  0. 


Thi.s  system  may  well  bc'  acceptable,  since  the  actual  statu  instability 
is  small  compared  to  the  heave  frequency  and,  in  any  casf',  is  lirnitc'd 
to  approximately  .'iOO  foot-pounds. 


b.  Modific  ations  to  Provide  Reduc  ed  Surfac  e  Response 

Since  the  surface  response  of  this  system  can  be  reduced  by  simply  re¬ 
ducing  the  static  moment  c  oefficient  "C"  towar'd  the  limit  of  C  =  0,  then 


159 


the  surface  response  "C"  also  can  be  varied  to  some  extent  by  adjust¬ 
ments  of  Pap  angle  and  jet  pressure. 

An  alternative  conventional  technique  is  to  increase  the  gain  factor  of 
the  autopilot  Kj.  An  acceptable  variation  of  output  with  input  might  well 
be  20  percent.  Hence, 

C  ± 

(Kj-C)  ■  5  , 

and  the  roll  stabilization  band  width  for  system  A  becomes 

/Ki-C 

^ j —  X  57.3  j  =7  radians/second.  (81) 

The  roll  loop  damping  varies  inversely  as  thus,  even  if  the  damping, 
D,  were  adequate  for  the  first  case,  it  might  not  be  so  for  the  higher 
control  band  width.  Furthermore,  the  phase  margin  due  to  the  damping, 
D,  at  loop  resonance,  is  reduced  about  in  proportion  to  u)^,  while  the 
allowable  additional  servo  lag  which  can  be  tolerated  at  this  frequency 
must  also  be  reduced  proportionately.  Accordingly,  the  ratio  of  servo 
band  width  to  uj„  must  be  greater  than  the  factor  of  4  assumed  for  the 
previous  case;  a  factor  of  8  is  now  more  nearly  correct.  Thus,  the 
required  second-order  servo  band  width  is  about  8  x  7  =  56  radians/ per 
second  or  about  9  cps,  which  implies  a  total  acceptable  first-order  con¬ 
trol  lag  of  about  36  milliseconds. 

c.  Improved  System  To  Give  Artificial  Damping 

The  inherent  damping  of  the  vehicle  may  be  insufficient.  If  additional 
damping  is,  in  fact,  required,  it  can  be  achieved  by  using  either  a  simple 
lead  network  or  an  additional  rate  gyro.  While  the  lead  network  itself 
is  simpler  and  cheaper  in  fabrication,  its  use  imposes  a  requirement 
for  dc  signal  processing.  Furthermore,  fairly  stringent  requirements 
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are  also  imposed  on  the  resolution,  dynamic-  rangeland  vibration  sensi¬ 
tivity  of  the  roll  attitude  gyro.  The  tradeoff  in  this  area  c  an  be  assessed 
only  by  careful  evaluation  of  both  techniques  and  by  simulations  involv¬ 
ing  non-linear  effects  of  servo  amplifier  and  servo  rate  saturation. 


The  signal  flow  diagram  for  the  rate  gyro  system  is  given  in  Figure  94. 


Figure  94.  Signal  Flow,  Rate  Gyro  System 

This  circuit  is  identical  to  the  one  shown  in  Figure  93,  except  for  the 
addition  of  the  rate  feedback  term  through  the  gain  K2.  The  character¬ 
istic  equation  is 


_J _ 

(Kj-C)  57.3 


+  S 


K 


+  1. 


(82) 


Note  that  the  term  K2  merely  adds  to  the  inherent  damping  D.  However, 
in  this  case  the  stability  requirements  of  the  rate  loop  dictate  a  some¬ 
what  wider  band  width  servo,  since  the  rate  gyro  itself  introduces  some 
additional  lag.  The  use  of  a  lead  network  in  place  of  the  rate  gyro  leads 
to  an  even  more  stringent  design  restraint.  Servo  band  widths  of  5  to  6 
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and  H  to  9  cps  rospot  tively  arr  required,  corresponding  to  first  order 
control  lags  of  60  milliseconds  and  36  milli.  ec onds. 

d.  Improved  System  To  Give  Zero  Error  Over  An  Inc  lined  Surlac  e 

Static  insensitivity  to  surface  contours  or  to  fixed  moments  due  to  CG 
shift  can  be  ac  hieved  by  adding  an  additional  feedback  of  integrated 
error.  In  this  way  the  roll  error  required  to  generate  a  control  moment 
to  nullify  the  static  moment  is  eliminated  during  the  transient. 

A  convenient  way  to  achieve  this  result  is  to  employ  a  ra*e  servo  rather 
than  a  position  servo.  This  is  indicated  by  introducing  another  integral 
term,  l/s,  into  the  system  ahead  cjf  as  shown  in  Figure  95. 

The  additional  term  K3S»which  is  required  to  provide  the  loop  stability, 
can  be  achieved  by  proper  selection  of  servo  input  mixing  components 
if  dc  signal  shaping  is  used. 

Here  again  the  required  servo  band  width  is  8  to  9  cps.  However,  this 
mode  of  operation  can  not  be  achieved  with  a  lead  network;  a  rate  gyro 
is  required.  A  system  with  control  damping  gyro  and  rate  servo  to  pro¬ 
vide  static  insensitivity  to  surface  is  shown  below. 


Figure  95.  Signal  Flow,  System  Insensitive  to  Surface  Cou'.ours 


162 


4.  Effort  of  Non-Linoaritics  in  tho  Aorodynamii  s 


The  assumed  variation  of  static  roll  mom(*nl  with  angle-  is  unstable 
and  linear,  with  a  slope  of  600  foot-pound/dogre'o.  F'igure  20  shows 
that  the  ac  tual  variation  may  he  muc  h  less  than  this,  if  it  is  assumed 
that  the  machine  loses  altitude  sligl  tly  as  it  rolls  due  to  the  loss  of 
lift.  In  any  c  ase  the  maximum  roll  moment  does  not  exc  eed  500  foot¬ 
pounds.  It  is  stiown  in  a  previous  section,  "C’omponent  T**sts''  that  the* 
unstable  trend  resulted  from  the  two-dimensional  test  results.  To  be 
conservative,  this  trend  is  assumed  to  exist  for  the  full-size  vehicle; 
however,  there  is  strong  evidence  that  the  vehicle  will  actually  have 
a  small  amount  of  positive  inherent  stability. 

The  response  to  surface  irregularities  will  be  greatly  reduc  ed,  and 
the  system  gain  of  1200  foot-pounds/degree  may  well  be  satisfactory. 
For  large  angles  of  3  degrees,  the  moment  applied  to  the  machine  will 
be  100  to  500  foot-pounds,  and  this  can  be  cancelled  by  a  deflection  of 
the  GEM  in  roll  of  only  l/l2  degree  to  5/l2  degree. 

Similarly,  a  limit  cycle  oscillation  of  ±  l/2  degree  would  probably  be 
acceptable  to  the  pilot  at  the  frequencies  involved,  and  thi.s  would  in¬ 
crease  the  tolerance  of  the  system. 


Figure  96.  Vehicle  Static  Stability 
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CONCLUSIONS 


The  Martin  rosoarch  vehicle  possesses  a  uniqu('  combination  of  fast 
powerful  roll  and  pitch  controls,  with  a  low  silhouette'  and  a  gf)e)d  ground 
ch'aranci'.  It  is  therefore  an  excellent  test  vehit  le  to  explore  the  re¬ 
sults  of  various  simple  autopilot  systems,  as  ( ompared  to  inherent  pit(  h 
and  roll  stability  (whic  h  can  be  obtained,  if  desired,  by  utilizing  Ihf' 
waste  compressor  exhaust  to  drive  a  compartmenting  jet).  Initial  ex¬ 
periments  should  be  conducted  at  low  forward  speed  (up  to  25  miles  per 
hour),  but  the  good  payload  and  flat  upper  deck  permit  the  installation 
of  any  desired  combination  of  forward  propulsion  and  maneuvering  en¬ 
gines.  The  flat  deck  also  permits  use  of  aerodynamic  control  and 
maneuver  surfaces  as  fitted  to  the  VA3. 

A  simple  autopilot  syst«  m  using  a  position  gyro  car;  be  designed  whic  h 
will  .stabilize  the  vehicle  against  an  assumed  unstable  static  moment  of 
600  foot-pound/degree,  but  will  provide  no  added  damping.  The  general 
response  of  the  system  will  be  similar  to  that  of  a  normal  inherently 
stable  GEM,  but  the  response  to  waves  will  be  reversed  in  sign.  Since 
the  assumed  unstable  moment  limits  at  100  to  500  foot-pounds,  the  re¬ 
sponse  to  surface  irregularities  will  not  exceed  l/2  degree  in  roll,  even 
for  slopes  of  5  degrees  or  so.  This  behavior  may  well  be  acceptable. 
Such  a  system  will  use  simple  components  and  can  accept  a  total 
equivalent  first-order  control  lag  of  up  to  160  milliseconds,  which  is 
well  within  current  estimates. 

An  improved  system  giving  artiiic  ial  damping  c  an  be  devised  by  adding 
a  shaping  network.  This  will  imply  the  use  of  dc  computation,  and  also 
require  that  the  total  equivalent  first-order  control  lag  be  limited  to  36 
to  40  milliseconds.  A  somewhat  less  demanding  way  of  adding  damping 
is  to  use  a  rate  gyro  in  addition  to  the  position  gyro.  In  this  case,  ac 


pil  ktills  may  still  hr  usrd,  and  .»  f)  to  U  <  ps  bandwidth  is  ac  (  rptabh', 
itnplying  a  total  p<*rmissiblr  first-orflrr-  control  lag  of  50  to  fiO  rnilli- 
soconds. 

A  muc  h  better  system  results  from  the  use  of  a  rate  gyro,  a  position 
gyro,  and  an  integrating  dc  ,.t  e  sue  h  as  a  rate  servo.  In  tnis  c  asr  the 
response  to  waves  ran  be  reduced  by  00  per<  ent,  and  the  vehic  le  will 
adjust  to  zero  roll  within  1  second  after  a  sudden  shift  of  the  CG  or  a 
change  of  slope  and  herce  will  "park"  on  slopes;  any  reascmable  de¬ 
sired  degree  of  damping  could  be  added.  Sue  ii  a  system  would  require 
a  servo  bandwidth  of  H  to  9  (  ps,  implying  a  maximum  permis.sible  fir  .st 
order  lag  of  36  to  40  milliseconds,  which  may  be  difficult  to  achieve. 

Advantage  could  be  taken  of  the  nonlinearity  of  the  aerodynamic  s  to 
reduce  *  quired  system  gain  by  a  fac  tor  of  4.  This  would  give 

slightly  improved  response  to  waves  and  the  simplest  system  witli 
adequate  damping  to  resist  even  the  resonant  condition.  The*  machine’ 
would  adjust  to  zero  roll  on  a  slope,  or  following  a  CG  shift,  within 
2  seconds.  This  would  still  be  adequate,  sine  e  a  suddc’n  applic  ation 
of  a  700  foot-pound  moment  would  give  a  transient  roll  of  only  1  dc’gr  *  »■ 
which  wcjuld  be  eliminated  in  2  seconds  giving  a  later  al  displac  c’ment 
of  about  1  foot.  Such  a  system  would  pc*rmit  a  total  fii’st  ordc’r  control 
lag  of  100  to  120  milliseconds.  The  quu  kest  and  most  expedient  way 
to  achieve  a  working  system  will  be  to  make  use  of  standard  off-thc’- 
shelf  missile-type  components,  to  use  dc  signal  processing,  and  to 
engineer  the  system  with  pate  hboard  connec  tions  at  tho  mfiut  of  the 
servo  amplifier.  Sue  h  a  system  will  pr  esent  no  development  problems 
other  than  those  inherent  in  the  control  c  harac  teristic  s  of  the  \1CTV 
itself.  All  the  necessary  components  are  available  as  stoc  k  itenu  ,  and 
the  cost  of  the  components  for  a  pitch  and  roll  system  would  be  on  the* 
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oi  dt*r  of  $8000  for  the  <  ombinrd  .systom,  whii  h  weighs  approximately 
GO  pounds.  With  those  componc'nts,  any  of  ttie  systems  d<'s<  ribed  (  oulrl 
b<’  hooked  up  on  the  patch  panel.  Once  th<'  systc'rn  has  been  c  n^inr a  red 
and  tested,  it  would  be  possible  to  examine  the  use  of  lit»ht  airc  raft 
autopilot  components  for  a  production  system. 


SOME  CONSIDERATIONS  OF  THE  AERODYNAMICS  OF 
THE  MARTIN  EJECTOR  RECIRCULATION  CONCEPT- 

A  Thin  Jet  Theory  Analysis  of  Two  Dimensional  Partially 
Recirculating  Flow 

1.  Basic  Assumptions 

In  the  theory  of  annular  jets,  if  the  height  of  the  vehicle  at the 
ground  plane  exceeds  about  three  jet  thicknesses,  then  the  static 
pressure  of  the  jet  varies  in  an  approximately  linear  manner  across 
its  thickness.  Thus  acceptably  accurate  results  can  be  obtained  by 
assuming  that  the  static  pressure  of  the  jet  is  equal  to  the  mean  of 
the  static  pressures  on  either  side  of  it.  This  is  the  so-called  "thin- 
jet  theory  "  approach,  and  the  equations  resulting  from  this  assump¬ 
tion  are  often  easier  to  handle  than  the  more  precise  "layered-jet 
theory  "  approach,  such  as  that  given  in  Reference  14,  for  example. 
Provided  that  the  restriction  on  height  is  observed,  then,  the  thin 
jet  theory  will  give  acceptable  agreement  with  <*xperiment,  at  least 
for  the  purposes  of  a  preliminary  investigation;  in  cases  where  such 
agreement  is  not  obtained,  we  can  reascn.ibly  expect  a  defea  t  in  the 
analysis  rather  than  in  the  "thin-jet”  assumptions. 

«By  Peter  R.  Payne,  Frost  Engineering  Development  Corporation, 
Englewood,  Colorado 
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2.  Assessment  of  Prt!Vious  Work 


The  problem  of  partially  recirculating  flow  has  been  previously 
analyzed  in  Reference  1,  and  in  other  Martin  publications  ;  the 
assumptions  of  constant  momentum  flux  along  the  jet  and  zero 
vorticity  in  the  cavity  region  and  the  conventional  "thin- jet"  theory 
assumptions  were  used.  The  equations  derived  from  this  analysis 
were  found  by  Martin  to  give  good  agreement  with  the  static  pres¬ 
sure  measured  in  the  vortex  region  (Region  B  of  Figure  07),  but  to 
overestimate  the  cushion  pressure.  The  reason  for  this  was  the  as¬ 
sumption  of  constant  momentum  flux.  The  Martin  theory  assumed 


K.  i  '  Hi  .r  H  H.  i'  * 


I'lgure  07.  l.)efinitii  )ri  of  Momentum  Flex  Component - 
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Jsc  *  *^SN*  would  only  be  true  If  the  static  pressure  were  the 

same  everywhere  (see  Figure  97).  In  practice,  even  if  total  head  is 
conserved  throughout  the  Jet,  the  velocity  in  region  C  will  be  much 
less  than  in  region  A,  because  of  the  higher  static  pressure,  and  thus 
the  momentum  flux  will  be  less.  This  correction  has  been  made  in 
this  section. 

The  Martin  theory  was  then  modified  by  utilizing  the  "layered  jet" 
theory  in  region  C  while  retaining  the  thin  jet  assumptions  in  region 
A.  Since  layered  jet  theory  is  based  upon  total  pressure  rather  than 
momentum  flux,  this  automatically  corrected  the  error  made  in  the 
earlier  analysis,  but  introduced  two  others. 


In  the  first  place,  the  mixture  of  two  fundamentally  different  theoretical 
approaches  destroyed  the  balance  of  the  equations.  At  low  hover  heights, 
thin  jet  theory  gives  a  cushion  or  cavity  pressure  which  is  twice  the 
correct  value,  while  layered  jet  theory  gives  the  correct  result.  Thus, 
as  the  hover  height  was  reduced,  the  cavity  pressure  given  by  the  re¬ 
vised  Martin  theory  increased  (in  a  negative  manner)  much  nu>re 
rapidly  than  the  calculated  (positive)  pressure  rise  across  the  re¬ 
entrant  jet.  This  resulted  in  the  prediction  of  negative  cushion  stiff¬ 
ness  at  low  hover  heights  (see  Figure  98).  Since  negative  cushion  stiff¬ 
ness  actually  occurs  in  practice  (for  other  reasons),  this  theoretical 
result  was  apparently  regarded  as  indicating  the  essential  correct¬ 
ness  of  the  initial  assumptions.  In  fact,  it  is  noerely  a  mathematical 
accident,  but  one  which  may  prc«ve 
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Figure  98.  Cushion  Pressure  for  lOxaiaple  Case 
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(lan^ferous,  in  that  it  has  masked  the  ur^jency  of  the  need  to  find  (and 
rectify)  the  true  cause  of  ne^jative  cushion  stiffness  and  the  lar^je 
energy  losses  associated  with  it. 

The  second  error  in  the  revised  Martin  theory  was  much  less  seri¬ 
ous,  in  that  it  resulted  only  in  an  underestimate  of  the  cushion  pres¬ 
sure  (vehicle  base  pressure).  If  the  layered  jet  theory  is  to  be 
applied  to  the  reentrant  jet,  then  the  jet  thickness  (t)  in  the  exponen¬ 
tial  parameter, 


X  =  ^  (1  sin  e).  (83) 

must  be  the  actual  jet  thickness  in  the  reentrant  region  and  not  its 
thickness  at  the  exit  nozzle.  Because  of  the  higher  static  pressure 
in  region  C.  the  jet  thickness  will  obviously  be  greater  than  at  the 
exit  nozzle  because  of  its  lower  velocity,  and  hence  the  parameter  (x) 
will  be  larger.  When  the  Martin  exponential  theory  is  corrected  for 
this,  it  predicts  larger  cushion  pressures  in  the  middle  height  range, 
as  indeed  occurs  experimentally. 

3.  Influence  of  the  Cavity  Region 

The  Martin  theory  assumed  zero  flow  in  the  cavity  region,  so  that 
within  it,  the  static  pressure  is  everywhere  the  same.  In  practice 
this  condition  could  be  realized  only  by  placing  a  flexible,  vented 
diaphragm  in  this  region,  which  would  physically  separate  the  jet 
and  cavity-zone  flows.  However,  cavity  vorticitj  :an  be  neglected 
also  if  the  cavity  vortex  is  cylindrical  and  experiences  no  serious 
pressure  losses  due  to  diffusion,  since  in  this  case  the  static  pres¬ 
sure  at  the  jet/ vortex  interface  is  also  constant,  although,  of  course, 
larger  than  the  value  at  the  center  of  the  region.  In  this  case  the 
vortex  can  be  regarded  as  a  sort  of  aerodynamic  roller  bearing. 
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Unfortutiafcly ,  flu-  <  .iVity  /.one  i otif  imit  at  lon.s  .u  r  of  .su*  h  a 

shajH*  that  very  laij^e  losses  can  occur;  and  since-  tlu-  li.tsu  moincrit  mn 
flux  of  tlu*  cavity  vortex  is  i  oinparahlc-  with  that  of  the-  |c-t,  this  ob¬ 
viously  results  III  low  pre-ssurt-  rc*c overy  I’.ctios.  'Mu-  woik  -.o  far  is 
primarily  concerned  with  a  dc-scription  of  c  ushion  cavity  pi  <-ssut  c  s. 

It  should  be  noted,  however,  that,  based  on  piesc-nt  tlu-oiy,  energy 
loss  in  the  recirculating  jet  c  an  he  reduced  by  me rc-asmie  )<-t  thic  K- 
ness  at  the  expense  of  the  cavity  zone  volume,  irrespective*  of  how 
adverse  is  the  cavity  zone  profile. 

The  most  probable  "worst  case"  from  the  point  of  view  of  cavity 
vortex  flow  on  cushion  pressure  generation  is  given  by 


in  Figure  99.  This  implies  that  the  vortex  flow  has  negligible 
energy  when  it  encounters  the  exiting  jet,  due  to  diffusion  losses, 
but  has  been  accelerated  to  the  jet  speed  by  the  time  zone  (’  is 
reached.  As  shown  in  Figure  100,  this  assumption  results  in  a  sub¬ 
stantial  reduction  in  calculated  cushion  pressure. 

Apart  from  the  relatively  minor  task  of  using  layered  theory  to  de  ¬ 
scribe  cushion  and  cavity  pre.ssures,  it  would  seem  that,  so  f.ir  as 
the  external-flow  field  is  concerned,  the  most  important  protdern  is 
the  flow  in  the  cavity  zone.  This  problem  is  rendered  eompl*-\  hv  the 
magnitude  of  the  losses  involved,  if  the  losses  were  restricted  to 
friction  and  mixing  losses  alone,  it  would  b»*  relatively  simple. 
Moreover,  a  detailed  analysis  of  a  high-loss  system  is  of  doubtful 
utility,  because  our  major  concern  is  to  develop  a  cavity-zone  ge¬ 
ometry  which  will  cause  only  small  energy  losses. 
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Figure  99.  Definition  of  Velocities 


.0, 


Figure  100.  Effect  of  Cavity  Vorticity 
upon  Cushion 


4.  Flue  Air  KtUiMitJim-tit  Lossi's 


Ill  rontr.ist  to  ttie  1  OO-jn*  riont  tiM  i  fculation  i  asi-,  ftot-  iii’  rntr.nn- 
niLMit  IS  fflativelv  unimjxiitant  foe  paitial  rtn  i n  ulatioii ,  h*" 
that  jiortion  of  the  jet  witli  whuti  it  mixes  is  in  anv  case  f  to 

amtiieiit.  Losses  hue  to  vortex  I'eneration  in  the  <  ushion  r 'a'lon  .ir*- 
also  likely  to  tie  iTiiicti  less  than  ttie  (already  sin. ill)  lo-^ses  i.vhi>  li  o<  - 
cur  witli  an  .innular  |c*t,  liet  .uise  of  tne  lower  velo  itv  of  the  iteiifi.ii,? 
let. 

.") .  .let  Diffusion  Losses 

With  one  fixed  and  one  free  boundary,  the  recirculatinji  |et  exjx,*ri- 
enccs  a  static  pressure  rise  as  it  passes  from  zone  B  to  /.one  C*  in 
Fi(»ure  97.  It  is  felt  that  this  can  be  actiieved  with  rie^li^itile  energy 
loss  because  of  the  free  boundary  .it  ttie  jet/cavity  vortex  interface, 
but  ttiis  assuinption  needs  to  lie  examined  experimentally,  as  a  mat¬ 
ter  of  high  priority. 

6.  Cavity  Zone  Pressure 

Unless  the  mass  augmentation  is  quite  small,  ttie  cavity  zone  st.itu 
pressure  will  usually  tie  neg.itive  (Figure  101),  a  condition  wtiu  ti  will 
result  in  an  adverse  effect  on  overall  perform. nice  in  many  pra.  iic.il 
configurations.  Cavity  pressure  can  tie  increased  by  mcre.ising  0^, 
the  angle  at  which  ttie  -xisting  jet  is  jointed  inwards  from  ttie  verti¬ 
cal,  as  st'.own  in  Figure  102.  We  assume  that  ttie  inner  boundaries  of 
the  jet  in  regions  A  and  C  (Figure  lOd)  approximate  to  circul.ii  .ua  s, 
so  that  the  static  pressure  for  solid  rotations  is 

(fi4) 
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and  v^  is  the  mean  effective  periplierul  velocity'  of  the  vortex,  inte¬ 
grated  throughout  the  region  of  interest. 

7.  Basic  Momentum  Equations 

Region  A:  Equating  horizontal  momentum  flux  and  pressure  forces 

across  the  jet  in  region  A  of  Figure  97.  and  utilizing  Equation  (84)  to 

define  p  .  one  finds  that 
''i 

1  ^ 

(APy^  +  2  pv j)  (h  -  ty^  -  6  ,)  +  Apy^  (ty^  +  «  j) 

'  •'PO  *  •’PN  ®1  -  •’SN  “  -  **"  ®1>- 
Therefore. 

"l  ‘  •'pO  *  ■’pN  ®1  *  •'sN  “  *  «l‘ 

.■ipvJ(hj-ty^.*j).  (85) 

For  the  thin- jet  theory. 


‘^PO  *  '  ^P* 


Also. 


m 


V 

P  P 


«  m 


s  ^SN* 


(86) 
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where 


When  these  substitutions  are  made.  Equation  (85)  becomes 


+  sin  0j)  -  (1  -  sin  0 


(87) 


-  i  AV 


2 

1 


(80 


In  evaluating  the  mass  ratio  m  is  known,  but  not  the  velocity 
ratio  V unless  we  make  a  specific  assumption  with  regard  to 
the  total  head  distribution  across  the  jet  nozzle.  The  total  momentum 
flux  at  the  exit  is 


+  J 


N  SN  PN  SN 


JexT  (1  •*-4>). 


(89) 


Region  C:  Equating  momentum  flux  and  pressure  forces  across  the 
reentrant  jet. 


-  Ap,. )  (t. 


0 


**2*  '■’sc**  V- 


Therefore, 

*’2  '  •'sc  **  *  ®2*  *  hjj  +  }  pv^ 

The  re-entrant  jet  thickness  is  given  by  conservation  of 
that  is, 

''sc  (‘v/‘2)  "'■"s-  <®'> 


(90) 

mass  flow, 
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The  refold. 


^Pc*-f 


(92) 


The  momentum  flux  J-—  can  be  related  to  the  nozzle  momentum 

SC 

flux  by  the  local  mean  velocities^  since 


SC 


■"e  ’'sc*  ■’SH  ‘  ’'SN 


i§£  ^8C 

■’SN  ’'SM 


(93) 


8.  Calculation  of  Mean  Velocitiee  tor  Uniform  Total  Head 
Distribution 

In  a  practical  system*  the  total  head  is  by  no  means  uniform  across 
the  jet,  but  this  simplifying  assumption  is  of  value  in  yielding  simple 
results  from  thin  jet  theoxy.  Unless  the  more  accurate  layered- jet 
theory  is  used,  there  is  little  point  in  employing  a  more  precise  de¬ 
scription  of  the  total  head  variation. 
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Figure  104.  Nozzle  Exit  Velocities 


By  definition, 


Now 


(94) 


so  that 


V 


PN 


Also, 


+|PVgj^. 


(95) 
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Therefore, 


SN 


•\/4  • 


V-  I  2 

-pA'JVj- 


(96) 


The  velocity  (v«)  at  the  inner  (ace  of  the  jet  is  given  by 
•  ^Pvp  +  i  Pv?  +  i  P»M- 


Hence, 


SI 


(97) 


By  the  time  the  Jet  has  reached  region  B,  it  has  suffered  a  total  pres¬ 
sure  loss  which  we  define  as 


(i  -  ij)  i 


2 

"''SN- 


(98) 


Thus  from  Bernoulli, 


i  +  i  +  hj  1  Pv*^  •  +  i  pv|^ 


Therefore, 


Sv 


■V'l'sN*  I’l- 


(99) 


Reentrant  Velocities: 


By  the  time  it  has  reached  region  C,  the  jet  total  pressure  loss  is 

(j  -  hj)  i  pv|j,.  (100) 
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Thus 


i 


+  i  pv +  ^2  i  PVgj^  •  i  +  APc  *  *  "''2) 


2 

*^SC 


+  4  pv 


and 


J 


2  ^Pc 

/r\^  y. —  -  + 


SC  V  '2  SN  p 


or 


"sc.  4 

•  — n —  ^  I 


V-„  ^  '2 

SN  ^  pv, 


SN 


L©-©’ 


•\ 


The  velocity  at  the  inner  boundary  of  the  jet  is  given  by 


1  *  i  PVj  j  +  Tl^  J  pv|j^j  +  1  PVj  +  i  pVg 


or 


"2  ''sN  -  "7 


^•(i  ■;■•!) 


9.  Relationship  between  Momentum  Flux  and  Total  Pressure 
•’sN  '  ™8  ''SN 


pv 


SN 


from  Equation  (94) 


(101) 


(102) 


(103) 
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Also, 


From  Equation  (94 


Substituting  Equation  (95)  for 


(104) 


(105) 


10,  Calculation  of  Cavity  PrcBsure 


From  Equationu  (88)  and  (104), 


Substituting  Equation  (96)  for 


Writing 

the  familiar  form. 


0,  the  above  equation  reduces  to 


AP. 


=  2  Xj  -  X 


1  AP 


N 


0 


183 


or, 


_ 10  " 

APn 


(108) 


which  i**  the  well-known  thin  jet  solution  for  an  annular  jet. 


Reverting  to  Equation  (  106)> 


^1  +  sin  ^  ®] 


/V  \  1  *^'^1 

1 — ^  Wl +sin  0  A  -  f  1  -  sin  0,'\  2- 

VW*^  'i{l 


i?rl  /;  li'l 

\*V 


Solution  for  v  =  v„._ 
p  SN 


1  pV^sn 

i  *  /  \  V 

V  m  /  \  P , 


(109) 


Since  Ap  is  generally  small,  a  logical  simplification  is  to  write 
'^0 

V''SN  ° 

Defining  also 


1  ^ 
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wlu  i  T  =  0,  l/C 

3 


0,  and  this  equation  has  Ihe  limit 


(110) 
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which  of  course  reduce.^  to  Equation ( 108)  when  v,  *  0.  When  m  =  0, 

1  P 

*  1.0,  and  Equation  ( 110)  has  the  limit, 


Ap_ 


0 


AP 


N 


Equation  (112)  is  the  same  as  Equation  E.  Ilof  Reference  16  when  =  0. 


(112) 


Equations  (lll)-(112)are  plotted  in  Figure  101  for  an  example  case, 

assuming  no  rotation  in  the  cavity  vortex  in  region  A.  The  mass 

ratio  coefficient  C  is  plotted,  as  a  function  of  mass  ratio  m/m'  ,  in 

m 

Figure  105,  and  a  relatively  large  amount  of  primary  air  is  seen  to 
be  required  for  Ap  >  0. 

''o 

Critical  Mass  Ratio  for  Ap  =  0. 

It  is  obvious  from  Equation(110)that  Ap  =  0,  (v  *  0) 

''o  * 


when 


(C  -  1)  (1  +  sin  e,)  *  (1  sin  Gj 
m  11 


or 


( 1  •  sin  6^) 
( 1  +  sin  Gj) 


+  1  =  f  (Gj). 


(113) 


(114) 
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Therefore, 


/  m  \  ^ 

(— ),  -pvT-iJ 

This  relationship  is  plotted  in  Figure  102.  Obviously,  if  a  positive 
cavity  pressure  is  required,  it  will  pay  to  make  the  jet  angh  Bj  as 
large  as  possible. 

1 1.  Calculation  of  Cushion  Pressure 
From  Equations  (93)  and  (104), 


Figure  105.  Variation  of  Mass  Ratio  Coefficient 

C  with  Mass  Ratio  m/m* 
m 
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th»»refore, 


and 


‘'ubsili tiding  the  result  of  Kqiiation  (96)  and  Equation  ( 1 16)  for 


4P 


N 


(117) 
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where  from  I  Equation  (  101) 


Solution  for  v  =  v„  =  0,  v  = 

12  p  SN 

This  simplification  is  obviously  desirable,  mathematically  speaking, 
because  of  the  complexity  of  Equation  (  117)  when  (118)  is  substituted. 
It  now  becomes 
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Collecting  terms. 


for  the  limit  case  m  «  0. 

P 

In  the  limit  C  -*  «, 
m 


(119) 


so  that  Ap-  -  Ap  .  as  we  should  expect. 

Equation  ( 1 19)  is  plotted  in  Figure  08  and  compared  with  the  theory  of 
Reference  1,  for  the  Reference  1  case  of  no  cavity  vortex  rotatiai 
and  no  total  pressure  loss  throughout  the  jet. 


12.  Effect  of  Cavity  Vortex  Rotation 


Rather  than  attempt  to  solve  Equations  (1 17)  and  (1 18)  explicitly  for  the 

case  V  /  0,  we  calculate  Ap  by  replacing  Ap  /AP  in  Equation 
2  C  Vq  N 


( 1 19)  by  an  equivalent  value  Ap 

''o' 


From  Equation  (84)  the  pressure  rise  will  be 


*  }  pv 


2 

2’ 


(120) 
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The  maximum  value  for  v  will  be  given  by  lOquution  ( 102).  For 
Vj  =  0,  which  is  the  worst  case, 


Therefore, 


and 


(121) 


(122) 


The  effective  value  of  Ap  /AP  ,  which  replaces  Ap  in 

Vq,  N  ^0  ^ 

Equation  (l  19)  is  then 
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(124) 


For  the  special  case  of  iig  *  1.0.  *  1.0,  this  becomes 

-Ap  j  / 

L  \ 

This  special  case  is  plotted  in  Figure  100. 


(125) 
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PRESSURE  RECOVERY  IN  A  RECIRCULATING  JET 


Experimental  studies  of  recirculation  systems  have  indicated  substantial 
pressure  drops  in  the  jet,  after  the  jet  air  has  left  the  exit  nozzle  and 
before  it  has  re-entered.  The  mechanism  of  the  pressure  loss  is  thus 
of  vital  importance  to  the  future  of  the  system,  since  only  by  under¬ 
standing  it  clearly  can  we  take  steps  to  reduce  the  loss. 

It  is  shown  in  this  section  that  the  jet  pressure  loss  is  almost  wholly 
due  to  entrainment.  For  Martin  Model  No.  1  at  a  height  of  15.2  inches, 
the  component  losses  are  as  follows  (from  Reference  1): 


Percent 

Entrainment  of  cushion  air 

2.5 

Entrainment  of  cavity-zone  air 

40.0 

Entrainment  of  outside  air 

14.0 

The  influence  of  the  cavity  zone  is  thus  seen  to  be  dominant.  We 
can  eliminate  this  loss  almost  entirely  by  so  designing  the  cavity 
region  that  a  stable  low -loss  vortex  rotates  within  it.  Then  from 
Subsection  5  of  this  section,  the  loss  will  be  of  the  order  of  2  to  4 
percent  instead  of  40  percent. 

The  14  percent  loss  due  to  outside  air  entrainment  can  be  reduced 
or  even  eliminated  entirely  by  reducing  the  augmentation  ratio  m/m'  , 
since  the  exhausted  primary  air  acts  as  an  "insulation  sheath"  against 
the  deleterious  effects  ot  viscous  mixing.  The  use  of  an  external  trunk 
will  also  benefit  in  this  regard. 

All  mixing  losses  can  be  reduced  by  increasing  the  jet  thickness,  for 
a  given  hover  height.  It  is  suggested  that  the  theory  of  this  section  and 
the  previous  section  be  used  in  order  to  determine  numerically  the  op¬ 
timum  t/h  ratio  without  (initially)  reference  to  eductor^'  characteristics. 

*  Mr.  Payne  uselTthe  term  "eductor"  instead  of  ejector,  as  this  device 
is  called  elsewhere  in  the  report. 
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The  installation  of  a  flexible  diaphragm  in  the  cavity-zone  region.  Fig¬ 
ure  106  is  also  an  interesting  method  of  reducing  losses  and,  specific¬ 
ally,  of  eliminating  the  cavity- zone -region  mixing  loss.  The  cavity 
zone  could  then  be  vented  to  the  cushion  region,  giving  an  elegant  and 
fairly  "stiff”  trunk  assembly  which  profits  from  the  unique  character¬ 
istics  of  recirculation. 


Figure  106.  Cavity  with  Flexible  Trunk 
1.  Entrainment  in  a  Two-Dimensional  Jet 

From  Reference  17  the  mass  flow  at  any  position  x  from  the  jet  nozzle 
is,  in  relation  to  the  mass  flow  of  the  basic  jet, 

1+0.08^  <X<X,,)  <126) 

m.  to 


=  0.62v^  (X  >  Xq) 

We  define  the  mass  of  entrained  air  as  m,  nm.,  so  that 


Thus 


n 


0.08  x/t 

0.62n^- 


(x  <  X„)  ^ 
(X  >  X,,)  J 


(127) 


(128) 


194 


and  the  entrainment  per  unit  (x/t) 


dp  =  Xq) 

H-f)  -Jf 


(129) 


These  results  are  shown  in  Figure  107.  It  is  interesting  to  note  that 
the  value  of  d,j/d(x/t)  is  constant  for  x  <  5.2,  which  is  the  region  of 
greatest  interest  for  most  GEM  applications. 


2  4  6  8  10 


x/t 

Figure  107.  Entrainment  in  a  Two-Dimensional  Jet 
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In  fact,  for  many  applications,  wo  can  obviously  take 


d0O  - 

as  a  universal  constant. 

These  values  are  much  larger  than  those  assumed  by  Chaplin  in  Ref¬ 
erence  18,  which  are 

°  ®'  d(^  '  *'  5.0) 

2.  Total  Pressure  Loss  Due  to  Static  Mixing 

At  constant  static  pressure,  momentum  remains  constant  along  a  jet, 
so  that 

_00 

P  \  p^dA  *  const. 

•  o 

If  we  define  m  as  the  mass  flow  of  a  jet,  i.e., 

p  V  =  f(x), 

•  o 

then  the  mean  jet  velocity  v  is  defined  by 


(130) 


(131) 


(1 
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00 


o 

The  mean  total  head  in  the  jet  is  therefore 


(^3) 


T,  1  2 

P  =  p  +  2  pv 

X  »  2 

=  p  -I-  2  pv 

Thus  the  dynamic  head 


in  the  jet  is  a  unique  function  of  ix/i). 


(13-4) 


i.e. , 


/•  \2 

_ i 

[l  +0.08  x/t]2 


0.3844  x/f 


(135) 


This  equation  is  plotted  in  Figure  108. 


3.  Mixing  Losses  in  a  Recirculating  Jet 

The  basic  geometry  of  a  recirculating  jet  is  illustrated  in  Figure  109, 
where  entrainment  is  seen  to  be  possible  in  three  areas.  It  is  possible 
for  t 'itrainment  of  the  outside  air  to  influence  only  that  part  of  the 
flow  which  is  exhausted  outwards,  provided  that  this  portion  of  the  jet 
is  thick  enough.  In  this  case,  there  is  no  total  pressure  loss  in  the 
recirculating  jet,  and  the  effect  of  entrainment  on  the  outwardly  ex¬ 
hausting  air  is  similar  to  that  for  an  annular  jet. 
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Non- Dimensional  Distance  along  Jet  -  x/i 


Figure  108.  Ratio  of  Dynamic  Pressure 
q  Jet  to  Initial  Value  Qq  as  a  Function 
of  Jet  Length 


Figure  109.  Entrainment  in  a  Partially  Recirculating  Jet 
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The  effcH  live  entraiumefU  in  tlic  (  avity  zoiu*  can  he  z«*t  «)  if  a  stahli*, 
loss-f»  v'e  voriex  is  •stahlished.  In  the  cui  ia-nt  ( onfi^uration  tried  hy 
Martin,  luiwever,  tlu*re  lias  hi'en  no  possibility  of  such  vortex  flow,  be¬ 
cause  of  the  large  diffusion  loss»*s  whit  h  would  ot  t  ur.  'I'lius,  present 
cavity  zone  geometries  can  be  regarded  as  giving  the  "worst  t  ase" 
loss  of  free-air  entrainment  in  the  jet. 

Kinally,  in  the  third  mixing  zone,  tiu*  relatively  slow -inovi iig  m  -entrant 
jet  can  be  assumed  to  experient  t-  free-air  entrainment  on  its  <  ushion 
side. 

We  shall  now  analyze  each  of  these*  losses  in  d(*tail,  in  onler  to  (l(‘ter- 
mine  the  total  pressure  loss  attributable  to  all  three  t  auses.  The  an¬ 
alysis  will  be  restricted  tt)  constrained  vortex  flow. 

a.  Free-Air  Entrainment  L.,osses 

This  problem  was  examined  in  Reference  19  for  the  case  of  100 
percent  recirculation  flow,  where  it  is  shown  that  the  length  of  jet 
affected  is 

=  -(t  '  °l)  (I  tB) 

h  ( 1  -sin  0  j ) 


This  equation  is  plotted  in  F'igure  IK).  From  Equation  (1.16),  the 
dynamii'  head  reduction  attributable  to  mixing  over  this  length  is 


(i:i7) 
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If  we  assume  that  the  static  pressure  is  essentially  ambient  in 
the  outer  portions  of  the  jet. 


over  the  outer  half  of  the  jet. 
b.  Cavity-Zone  Entrainment  Loss 


Assuming  that  no  cavity  vortex  flow  is  generated,we  can  assume 
static  entrainment  (see  Figure  111)  . 


Figure  111.  Cavity -Zone- KtUraiiiment- Loss  Sketch 
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From  the  Figure  109, 


10 


1 


1  -  sin  9 


1 


1 


20  ^  _ 

h  '  1  +  sin  0. 


V  . 


From  the  geometry. 


(139) 


r.,,  cos  e,  +  Z  r,,^  cos  0„  =  i 


10 


1 


20 


therefore, 

Z  _  ^r  cos  9  cos  9 

h  h  “  1  -  sin  ®2  *  ^  ^  ®2 


(140) 


(Note  that  the  critical  height  postulated  in  Reference  19  is  reached 
when  Z  =  0  in  this  equation.) 


The  inner  jet  radii  are,  approximately. 


h  1  -  sin  0j 


1  +  sin 


(141) 


assuming  that  the  jet  thickness  is  equal  to  the  exit  plane  thickness, 
for  simplicity.  Thus  the  periphery  in  the  entrainment  zone  is 


h  h  ( 1  -  sin  0 j )  ( 1  +  0^ ) 


Substituting  Equation  (56)  for  Z/h, 


(142) 


Sjj.  cos  0j  cos  0^ 

h  "  h  ’  (1  -  sin  0j)  ’  (1  +  sin  02)  ^ 


(1  •  sin  9^ ) 


+ 


( I  +  sin  @2 
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If  we  assume  that  the  pressure  Apy  acts  over  the  inner  half  of 
the  jet, 

1  2  I 

*TP''jnV=  ‘•’"''“'•e-  <>JN  =  "^Py  ' 


Therefore, 


c.  Cushion-Zone  Entrainment  Loss 


The  jet  periphery  in  the  cushion  is 

h  (1  +  sin  0^) 


Assuming  that  the  pressure  App  acts  over  the  outer  half  of  the 


jet, 


AP  -  Q 
JN  ^JN 


I  - 


‘’jnJ 


=  Ap  +  q 

c  ^co 
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measured  at  the  intake,  over  the  outer  half  of  the  jet.  The  mean 
total  pressure  at  the  intake  is  obviously  the  mean  of  Equations  (143) 
and(146). 

If  there  is  no  cavity  loss,  the  mean  will  be 


(147) 


If  there  is  no  free-air  loss,  due  to  insulation  by  the  primary  air, 

we  can  take  S  =0. 
c 
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4.  Cuniparisun  with  Experiment 


Reference  1  contains  some  measu icnients  of  exit  arul  reentry  total 
head  for  a  partial  recirculation  system,  tfie  ('xit  total  head  varyin^( 
linearly  across  the  exit  plane,  p'or  th(‘  test  model  (Martin  Model  No.  1) 
0i  =  O2  =  30  degrees,  /j,  =  41.86  inches,  and  t  -  6.76  me  hes.  P'rom 
Equation  ( 140)  the  "critical  height"  would  therefore  givtm  hy 

=  cos  0  f^- - 5——  +  ■  ■  — 1  =  2.31  (14!0 

|_(1  -  sin  0)  (1  +  sin  0)J 


Therefore^ 

h  ..  /h 
crit  cr 

‘  \'r 

The  experimental  data  are  for  values  of  h/t  at,  or  in  excess  of,  this 
c  ritical  value. 


If  it  is  assumed  that  no  loss  in  momentum  flux  is  attributable  to  mix¬ 
ing,  the  theoretical  values  of  cavity  and  cushion  pressure  can  be  plotted 
for  this  modeMs'^e  Figure  112)  by  using  the  previous  theory,  some  (‘x- 
perirnontal  values  of  Apj_.  are  plotted  in  Figure  97  for  comparison. 
Because  both  the  nozzle  pressure  distribution  and  the  mass  augmenta¬ 
tion  ratio  m/m'  vary  for  the  test  data,  the  agreement  is  not  good,  in 
F'igure  113,  but  the  absolute  order  of  the  values  is  obviously  reasonable. 

These  calculated  values  of  and  Ap^  have  been  used  to  calculate 
the  total  pressure  drop,  which  is  the  mean  of  Equations  (143)  and  (146) 
the  results  being  plotted  in  Figure  98.  It  is  obvious  that  the  agreement 
with  experiment  is  reasonably  good,  having  regard  to  tlie  assumptions 
made,  the  accuracy  of  the  tests,  and  the  various  imponderables  intrcj- 
duced  by  the  nonuniform  velocity  distribution  in  the  jet. 
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5.  Losses  Attributable  to  a  Stable  Vortex  in  the  Cavity  Zone  (Figure 
- - 


Figure  114.  Losses  due  to  Stable  Vortex  in  Cavity  Zone 

When  a  stable  low-loss  vortex  exists,  we  postulate  that  the  boundary 
layer  air  in  the  cavity-zone  region  leaves  the  trailing  edge  of  the  cavity- 
zone  structure  with  a  mean  velocity  w,  the  thickness  of  the  layer  being  4. 
Thus  the  mass  flow  of  this  BL  is  b^up  and  its  momentum  loss  is  (U-cj) 
b^op.  Equating  this  to  the  skin-friction  force 

IpU^  CjC  =  wU;p  -  (149) 

or 


For  mixing  at  constant  pressure,  the  total  pressure  loss  of  air  in  the 
jet  is  a  function  only  of  the  mass  of  air  entrained,  not  the  length  over 
which  entrainment  occurs.  Thus,  if  J-  is  the  momentum  flux  of  the 

J 

jet  and  momentum  deficiency  of  the  BL  relative  to  Jj,  then 

for  mixing  at  constant  pressure 

•^j+BL  '  ‘^j  "  ^•^BL 

=  J.  -  ipU^C-cb. 
j  f 
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Assuming 

J.  =  tbv.^p 
J  J 

and 

U  *  V.. 

J 

Then  the  down  stream  jet  momentum  flux  is 

•'j+BL  =  [2‘  -  'Cf] 

of 

j  •“  ^ 

Obviously  this  source  of  loss  is  quite  small  if  the  skin  friction  coeffi¬ 
cient  is  of  the  order  of  0.004,  as  might  be  the  case  for  a  favorable  pres¬ 
sure  gradient.  When  an  adverse  pressure  gradient  causes  rapid  growth 
and  separation  of  the  BL,  however,  the  loss  can  be  very  much  greater. 


Figure  115.  Losses  Attributable  to  Adverse  Pressure  Gradient 

Physical  meaning  to  this  is  given  in  Figure  115.  An  obvious  improve¬ 
ment  in  performance  could  also  be  obtained  by  the  use  of  boundary  layer 
suction. 
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SOME  NOTES  ON  JET- PUMP  AERODYNAMICS 


The  concept  of  an  "optimum  eductor"  is  introduced,  and  plots  of  opti¬ 
mum  geometry  and  performance  are  given,  for  the  statit  case  of 
eduction  from  ambient  and  exhausting  to  ambient.  Equations  for  opti¬ 
mum  performance  with  greater  than  ambient  inlet  total  head  are  also 
given. 

By  far  the  most  important  parameter  is  seen  to  be  diffuser  effic  ietu  y. 
It  is  apparent  that  the  momentum  flux  of  the  Martin  Recirculation  sys¬ 
tem  can  be  increased  by  a  factor  of  as  much  as  two  (/C  three  by  iin- 
proving  the  ducting  design  to  reduce  turning  and  diffusion  hisses. 

Best  results  will  be  obtained  with  boundary  layer  control  by  suction, 
which  is  easy  to  do,  but  significant  improvements  can  be  obtained 
without  this.  Minimum  turning  losses  are  expected  to  be  obtained 
(without  boundary  layer  control)  from  combining  diffusion  with  turning, 
so  that  there  is  no  pressure  gradient  on  the  inside  wall.  Minimum 
diffusion  losses,  without  boundary  layer  suction,  will  probably  be  ob¬ 
tained  with  a  centrifugal  diffuser  which  has  zero  pressure  rise  along 
its  walls. 

It  is  shown  that  the  optimum  mixing  pressure  with  total  head  recovery 
will  be  considerably  greater  than  for  the  static  case.  Also,  the  re¬ 
quired  mixing  length  is  greatly  increased  (for  efficient  diffusers),  so 
that  the  primary  nozzle  size  should  be  reduced  and  the  number  of 
nozzles  increased.  For  optimum  performance,  the  mixing  pressure 
should  remain  constant.  It  is  shown  that  this  implies  a  progressive 
reduction  of  duct  area  during  mixing. 

1.  Static  Eductor 

A  jet  pump  or  thrust  augmentor  is  an  energy  exchange  device  of  ex¬ 
treme  conceptual  simplicity  and  considerable  aerodynamic  complexity. 
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The  fact  that  practical  results  are  so  often  disappointing  is  generally 
attributable  to  the  lack  of  an  adequate  theoretical  description  of  jet- 
pump  performance. 


Figure  116.  Simple  Uniform  Jet 


Consider  the  simple  (uniform)  jet  in  the  above  sketch.  Its  thrust  is 
given  by  Newton' s  law. 

Thrust  -  rate  of  change  of  momentum;  that  is. 


The  momentum  of  the  air  is  pAjtvj  (lb/sec).so  that 

J  =  pA.v^  *  m.v.  (152) 

J  J  J  J 

where,  mj  =  dm/dt,  the  mass  flow  rate. 

The  power  dissipated  in  the  jet  is 

E.  =  |m.  v^.  <I53) 

J  J  J 

Thus,  the  thrust  per  unit  power  is 


(154) 


In  other  words,  for  unit  power,  thrust  varies  inversely  as  the  jet 
velocity,  and  since 


T 


(155) 


(156) 


Thus,  if  we  double  the  mass  flow  associated  with  the  production  of  a 
given  thrust  we  halve  the  power  dissipated  in  the  jet. 

Confining  ourselves  now  to  power  available  in  the  form  of  a  pressurized 
or  moving  gas,  we  see  that  the  higher  its  total  pressure,  the  lower  will 
be  its  efficiency  in  terms  of  thrust  per  unit  power.  Given  a  supply  of 
very  high  pressure  compressed  air  with  which  we  wish  to  generate  a 
thrust  force,  we  might  logically  design  a  system  of  the  type  shown  in 
Figure  117,  in  order  to  lower  the  final  jet  velocity.  Technically  this 
"transformer"  (to  use  an  obvious  electrical  analogy)  has  two  sources 
of  inefficiency.  In  converting  the  compressed  air  energy  to  mechanical 
energy,  we  experience  loss  (1  -  iij),  ana  in  reconverting  it  to  flow 
energy,  we  encounter  a  fan  loss  (1  -  i^p).  Thus,  the  air  power  required 
is  given  by. 


Figure  117.  Sketch  of  System  which  Lowers  Jet  Velocity 
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(157) 


nT-lpim^v^ 


Therefore 


'It'^F  “v 


.  2 
in  .V. 

J  J 


or 


F  .  J 

J“  ■  V  -TT' 

J  F 


Since 


J„  =  m„v_  and  J.  =  m.v. 
F  F  F  J  J  J 


(15fi) 


(ti+1)  being  the  ratio  of  secondary  to  primary  mass  flow. 
Therefore 


-J-  “v/nrip  (i+i).  (159) 

j 

The  ratio  is  the  "thrust  augmentation"  of  the  "transformer".  If 

for  iipT|»p  we  write  the  energy  exchange  efficiency  iig  of  a  jet  pump, 
then  Equation  (75)  also  applies  to  a  jet  pump.  We  shall  see  later  that 
the  efficiency  of  a  jet  pump  can  be  comparable  with  that  of  a  more  con¬ 
ventional  energy  transformer,  provided  that  it  has  a  fairly  low  mass 
flow  ratio  (t^)  and  a  very  efficient  diffuser. 

If  the  secondary  air  in  Figure  117  recirculates  so  that  it  does  not 
have  to  be  accelerated  from  ambient,  the  power  required  is 
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We  define  an  energy  (or  pressure)  recovery  factor. 


(4>  V  l.O). 


Then 


.m 


2 

v. 

J  J 


_  i 


(1  -  4>) 


and  Equation  (75)  becomes 


Jp  A^np  (n+0 

Jj  "V  (1  .  4>) 


so  that  an  intake  pressure  recovery  of  50  percent  could  give 
cent  increase  in  augmentation,  for  example. 


(161) 

(162) 

41  p  e  r- 


Figure  118.  Basic  Geometry  of  Jet  Pump 

Figure  118  shows  the  basic  geometry  of  a  jet  pump.  Its  ability  to 
generate  additional  thrust  is  predicated  upon  the  fact  that  mixing 


takes  place  at  a  static  pressure  P|  which  is  less  than  the  upstream 
total  pressure  P^.  Since  pj  ^  secondary  airflow  into  the  aug- 
mentor  takes  place,  giving  the  desired  increase  in  mass  flow. 


In  Reference  20  it  is  shown  that  there  is  an  optimum  mixing  pressure 
(p|).  It  is  obvious  that  if  p^  is  too  great,  the  secondary  flow  will  be 
too  small  to  give  the  desired  effect.  If  (pj)  is  too  small,  on  the  other 
hand,  the  secondary  flow  velocity  will  be  too  large  for  efficient  trans¬ 
ference  of  energy  to  it  from  the  primary  jet. 


We  define  the  optimum  value  of  pj  as  that  value  which  gives  the  max¬ 
imum  possible  thrust  augmentation  for  a  given  ratio  n  of  entrained  to 
primary  air.  It  is  shown  in  Reference  17  that  for  P^,  =  Pg^,  static  case. 


-Ap 


1 


I  opt 


so  that 


2  2 

n  hu 

J 

1  2  '  2 

(n+1) 

-  n  no 

AP. 


opt 


where 


2 


"  'D 

) 

“  2  2' 
(n+1)^  -  n%jj 

2  2  2 
-  "  ''d 

Ap^  =  mixing  pressure  (gauge) 

AP_  =  the  primary  jet  total  head  (gauge) 

u 

n  =  the  entrained  air  ratio 
rijj  =  efficiency  of  the  jet  pump  diffuser. 


(163) 


This  optimum  value  (-Apj)  is  plotted  in  Figure  1 19  as  a  function  of  n 
and  n]3«  R  is  obvious  that  the  100  percent  efficient  diffuser  solution 
is  quite  different  to  the  others  and  that  very  rapid  changes  occur  in 
the  region  (0.9  <n£j  <  1.0). 
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The  existence  of  an  "optimuni  mixing  pressure"  cnabh'S  us  to  discuss 
an  "optimum  jet  pump  with  a  great  consequemt  saving  in  c  alculatiijns 
and  complexity.  W(‘  will  now  discuss  some  of  its  cliaracteristics. 

Optimum  Geometry; 

To  preserve  optimum  performance,  the  mixing  chanber  reejuires  a 
progressive  reduction  in  area  along  its  length,  the  final  area  after 
mixing  being  the  value  (Am)  shown  in  Figure  120. 

It  is  interesting  to  note  that 

A 

m 

''D- 

The  optimum  inlet  area  ratio  (Aj/Aj)  is  given  in  Figi.re  121,  which 
also  defines  the  ratio  (vj/vj)  of  the  entrained  to  jet  velocity. 

The  diffuser  ratio  (Ao/A^)  assoriat«‘d  with  optimum  peiformam  e  is 
plotted  in  Figure  122,  and  il  is  interesting  to  note  that  these  ref) re¬ 
sent  quite  modest  area  ratios. 

Optimum  Thrust  Augmentation: 

Optimum  thrust  augmentation  ratio  is  plotted  in  Figure  12.3  and  tin- 
limit  case  as  n-*oo  in  Figure  124.  It  is  immediately  (tbvious  that 
diffuser  efficiency  (njy)  is  the  single  most  important  parameter.  For 
example  a  gain  in  (ny)  from  0.9  to  0.95  would  give  a  45-percent  in¬ 
crease  in  augmentation, 

Augmentor  Efficiency; 

Optimum  augmentor  efficiency  is  plotted  in  Figure  125.  Again,  as  we 
should  expect  from  the  previous  two  figures,  diffuser  efficiency  has 
an  extremely  powerful  influence  upon  overall  efficiency. 
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Figure  12  1.  Variation  of  Optimum  Figure  122.  Optimum  Diffuser  Ratios 

A./ A,  with  n  Static  Eductor 


L\Z 


Augmentation  with  Diffuser  Efficiency 


Eductor  Efficiency 


Figure  125.  Efficiency  of  Optimum  Jet  Pump  under  Static  Conditions 
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3.  Jet  Pump  Mixing 


The  mixing  between  primary  and  secondary  flows  which  occurs  in  an 
eductor  depends  upon  the  shear  velocity  between  the  secondary  and 
primary  flows.  If  the  jet  is  exhausting  into  still  air,  the  mass  of  air 
entrained  (for  a  fuHy  developed  turbulent  jet)  is,  from  Reference  15, 


Thus 

\t/max  0.3844 


(164) 


(165) 


Equation  ( 15 1) becomes,  when  the  mixing  occurs  in  a  free-stream  of 
velocity  Vj, 


-  1 


(166) 


where  Vj  is  the  entrained  air  velocity,  as  shown  in  Figure  126.  Need¬ 
less  to  say,  if  the  mixing  takes  place  at  constant  pressure,  we  can 
assume  v^  to  be  constant  until  mixing  occurs. 

..  '^1======= 


1- 


V. 

JO 


Figure  126.  Velocities  in  an  Eductor 

For  the  optimum  static  eductor.  Equation  (166)  has  been  used  to  plot 
the  total  mixing  length  required  in  Figure  127. 

It  will  be  noted  that,  except  for  very  efficient  diffusers,  the  required 
mixing  length  is  roughly  equal  to  the  still  air  value  given  by  Equation 
(166). 
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It  is  obvious  that  (from  Figure  121)  the  very  much  larger  mixing 
length  requirement  associated  with  efficient  diffusion  is  due  to  the 
higher  velocity  (v^)  of  the  entrained  air. 

The  implication  of  this  result  to  a  recirculation  system  is  obvious, 
since  total  head  recovery  at  the  inlet  implies  a  substantial  increase 
in  (V|)  and  a  substantial  increase,  therefore,  in  the  mixing  length  re> 
quired.  The  use  of  a  mixing  length  based  on  static  eductor  tests  could 
therefore  result  in  a  recirculation  mixing  length  which  is  inadequate 
by  a  factor  of  four  or  five.  Fortunately,  this  problem  can  be  alleviated 
by  reducing  the  size  of  the  individual  nozzles  and  by  increasing  their 
number,  since  the  required  mixing  length  is  a  linear  function  of  noz¬ 
zle  size. 


4.  General  Eductor  Theory 


Let 


momentum  flux  of  primary  when  exhausting  to  ambient. 

momentum  flux  of  primary  exhausting  to  a  pressure. 

total  momentum  flux  at  diffuser  exit  plane. 

primary  mass  flow. 

nm.,  the  mass  of  the  entrained  air. 


Therefore, 


!i! 

Pa* 


(167) 


(168) 


(169) 
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Since 


n  * 


'’Vj' 


/!ZI 

"  ■  A.  V  P.  -  p 


J  Pa 


Now 


and 


ipv2  *  Pi  -  P2  ^  nplpv 


2 

m 


V.  +  nv, 

,  =  J _ L 

m  (n+1)  * 


Therefore 


"2  •7‘Pi-'’2> 


Since 


^2  •7'Pi-'’2’* 


(1+n) 
2 

"D  ''j 


n  2 


..nli 

V. 

: _ L 


(1+nr 


and 


n  = 


A.  I  V. 

J  \  h 


.1  =|(Pi-P2)^ 


’’d  p 


1  +n 


2^ 

^IJ 


(1+n) 


(170) 


(171) 


(172) 


(173) 


(174) 
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Note  that  the  upstream  total  pressure  does  not  occur  in  this  equation, 
except  as  it  influences  (n)  from  Equation  ( 170). 

From  Equation  ( 169) 


ii  <Pj-Pi>  /P,  -P;)  2  2;^ 


(175) 


For  the  augmentation  factor  J2/J,  the  terms  outside  the  square  root 
are  equal  to  unity,  of  course.  For  P2  =  Pg^,  Equation  (175)  reduces  to 


a  ^ipvj  L  1 


(176) 


which  agrees  with  Reference  20. 


Writing  «  p  and  Ap  =  P  - 

ipvj  J  '  ^1 


^  \/(Pl  -  P2) 


(177) 


Differentiating  with  respect  to  p^ 
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Equating  to  zero. 


_  =  (n+1)  -  n  q, 


'/^c  -  Pi 


(Pc  -  p.) 


2  2 

no^ 


opt 


( 


(n+1)^  -  n^n 


D 


or 


=  - 


2  2 
rioH 


opt 


L< 


2  2 
(n+1)  -  n  n 


D 


Substituting  in  Equation  (161), 


(179) 


n+1  \/i  Pq  -  P2  ^  (n+1)^  -  n^Tij^  + 


APj  v/n+l)^  -  n^njj 


(180) 


which  reduces  to  the  Reference  15  equations  for  P^  =  P2  and  APj  =  1.0. 

Calculation  of  P^; 

n 

Equation  ( 180)  gives  the  optimum  eductor  performance  in  terms  of  the 
nondimensional  pressure  terms  p^^  =  Pn/(Pj  -  Pi)-  By  analogy  with 
Equation  (179), 


2  2 
n  -Id 

.(Pj-Pi) 

Pi 

opt 

^c- 

2  2  ' 
(n+1 )  ‘  n 

~2 

Pi 

(^cl 

_(n+l)^  -  n^nj 

2 

2  2  \ 
n  ) 

opt  ^ 

'  -  r  22 

(1  +  P^)  [(n  +  l)^  -  n 

2  2  2\ 

(181) 
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Since 


P. 

i 


O 

o 


(182) 


In  solving  Equation  (181)  we  therefore  assume  various  values  of 
as  an  independent  variable. 

5.  Optimization  of  a  Static  Eductor 


From  Reference  20; 


»  >/n+l)^  Apj  +  iijj  [l+nv/^Apj 


But« 


(183) 


Therefore, 


(184) 


J 

a 


Wl) 


2 


Apj  + 


(185) 
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Differentiating  with  respect  to  42ipj,  we  find 


We  can  obtain  the  entrainment  raliD  n  from  the  relationship 


(190) 
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since 


In  design,  if  we  take  the  value  of  n  to  be  the  independent  variable, 
t.ien  Equation  (  191)  defines  Aj/Aj;  that  is, 


Aj  ■  njAP.  -  Ap,- 
Substituting  Equation  (102), 


(192) 


Ti; 


(n+l)' 


+  2n 


or 


(193) 
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Note  that  the  nozzle  total  pressure  does  not  influence  this  optinium. 
The  exit  area  is  obtained  from  the  relationship 


P2  +  20^2 


Pi  ^ 


'D' 


(194) 


But, 


A2V2 


A  V  ;  therefore,  v 
mm  m 


m 


1  - 


Also,  since  A, V,  +A-v.  =  A  v 
11  J  j  mm 


A 

m 


V. 


1  V 


+  A. 


m 


J  V 


m 


But 


V 

m 


V.  +  nv 

_J _ 

(n+1) 


therefore, 

(AjV J  +  AjV  )  (n  +  1) 

A  =  (nv,  +  V  ) 
m  1  J 


( 


(196) 


(197) 


(198) 
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Notr  that  as  n  •  0, 
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Therefore, 


A., 


ni 


(n+1) 


opt  n/Iq  (n+1)^  - 


I) 


Note  that  for  the  limit  case,  ■  1.0 


(201) 


A 


2 


A 

m 


"^0=1 


(n-H) 
v/2n  +  I 


Also,  as  n  -*oo 


6.  Optimization  of  a  Recirculating  Eciuctor 

The  "optimum  eductor"  concept  is  extended  to  include  the  effect  of 
recirculation.  Equation  (211)  of  this  section  defines  the  maximum 
augmentation  possible  with  recirculation,  in  compressible  flow,  and 
the  results  will  of  course  be  poorer  for  compressible  flow. 


It  is  shown  that  the  performani  e  of  the  optimum  recirculating  eductor 
is  related  directly  to  the  opti.iium  static  (‘due  tor,  by  a  fac  tor 
j^l/x/l -  being  the  total  head  recovery  in  the  jet.  Thus  a  pressure 
recovery  of  50  percent  denotes  a  possible  thrust  inc  rease  of  41  per¬ 
cent,  relative  to  tfie  optimum  static  eductor  with  the  same  mass  flow 
ratio.  In  devc^lopment  work  we  should  aim  at  a  [nessure  recovery  of 
at  least  HO  percent  therefore,  which  gives  an  me  lease  of  124  percent. 


Previously,  it  was  shown  that,  if  the  diffuser  '“xit  statK-  prc'ssure 
is  equal  to  ambient,  then  the  augmentation  factor  is 


23  1 


(202) 


/ - T 

(n+l)  +T1 


D 


where 


A  *  denotes  a  gage  pressure 
=  the  upstream  total  head 
p^  -  the  mixing  pressure 
n  =  the  entrainment  ratio 
iljj  =  the  diffuser  efficiency 
Pj  =  the  total  pressure  of  the  primary  nozzles 

J  =  the  primary  nozzle  thrust,  when  exhausting  to  ambient 
=  total  eductor  thrust. 

The  bar  over  a  pressure  (e.g.,  Api)  denotes  that  the  pressure  is 
divided  by  Pj  -  pi  =  aPVj  • 


By  differentiating  Equation  (202)  with  respect  to  Ap^  and  equating  to 
zero  we  find  the  optimum  value. 


-Ap, 


2  2 


=  AP. 


opt 


- 

2  2 

2 

(n+1)  -  n 

(203) 


and  hence, 

J, 


a 


(n+1) 


C  [(n>l)^  -  n%p^ 


fi-. 


opt 


APj  \/(n+l)^  - 


(204) 


In  the  static  case,  when  P^  »  0, 


(205) 
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Therefore, 


(206) 


the  second  term  being  the  effect  of  the  increase  above  ambient  of 
the  inlet  total  head. 


Now,  since 


APc  AP^ 


Substituting  in  Equation  (206), 


Therefore^ 


(207) 


(208) 


(209) 


(210) 


(211) 
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4  being  the  total  head  recovery  factor. 

Thus  optimum  static  eductor  curves  can  be  used  directly  to  find  the 
optimum  augmentation  possible  with  recirculation. 

For, 


4  = 

20% 

40% 

60% 

80% 

90% 

1 

7ul  - 

1.117 

1.29 

1.58 

2.235 

3.16 

In  other  words,  the  thrust  increase  due  to  recirculation  is  not  par¬ 
ticularly  large  under  optimum  conditions,  until  the  total  head  loss 
falls  below  20  percent. 

7.  Detailed  Recommendations  on  Present  Eductor  Design 

a.  Determine  and  use  the  optimum  mixing  pressure,  using  the 
theory  developed  in  this  section. 

b.  Reduce  primary  nozzle  size  and  increase  the  number  of 
nozzles  in  order  to  improve  mixing,  even  to  the  point  of  using 
more  rows  of  nozzles. 

c.  Reduce  the  pressure  losses  due  to  the  primary  nozzle  instal¬ 
lations  by  fairing  the  air  supply  tubes  inside  the  eductor. 

d.  Redesign  ducting  to  give  zero  pressure  gradient  on  the  inside 
wall  and  combine  this  with  a  centrifugal  diffuser  to  minimize 
pressure  gradient  due  to  diffusion.  Such  a  diffuser  requires 
cascade  turning  vanes  at  its  exit. 

e.  Apply  boundary  layer  suction  to  the  inside  of  the  duct  corner, 
in  order  to  reduce  turning  losses  and  improve  the  diffuser 
efficiency  by  use  of  a  "streamline  diffuser". 
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f.  study  the  effect  of  nonuniforni  (exit)  total  head  distribution  on 
cushion  pressure  (in  order  to  assess  the  losses,  if  any, 
associated  with  this)  and  the  optimum  distribution  to  be  aimed 
at. 

g.  Maintain  the  correct  mean  mixing  pressure  while  the  airflow 
is  being  turned. 
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PROPULSION  INVESTIGATION 


OFF-BOARD 

From  previous  investigations  (Reference  4)  it  was  shown  that  larger 
quantities  of  primary  air,  delivered  at  a  lower  pressure  than  was 
originally  used  (Reference  1)  would  significantly  improve  the  per¬ 
formance  of  the  vehicle.  Approximately  30  pounds  of  air  per  second 
at  5  to  10  pounds  per  square  inch  (gage)  is  required.  It  appears  that 
this  requirement  is  rather  unusual,  by  conventional  air  compressor 
standards,  and  there  are  no  airborne  type  engine-compressor  units 
available.  Therefore,  as  a  part  of  this  preliminary  design  effort, 
an  investigation  was  conducted  to  determine  the  feasibility  of  pro¬ 
viding  an  acceptable  unit  from  standard  production  (GFE)  compo¬ 
nents. 

Numerous  components  had  been  considered  and  the  final  choice  of 
the  Continental  Aviation  Corporation  J-69  first  stage  compressor 
and  the  General  Electric  Company  T-58  engine  was  made  for  the 
following  reasons: 

1.  Availability  (as  GFE); 

2.  Compatibility  with  air  flow  requirements; 

3.  Compatibility  of  engine  and  compressor  (speed  )f  rotation, 
ducting  torque,  etc.); 

4.  Extent  of  modification  required; 

5.  Service  and  maintenance  support. 

The  objective  was  to  combine  these  two  units  (T-58  engine  and  J-69 
compressor)  in  an  off-board  test  setup  and  perform  a  functional  test 
of  this  marriage.  Figures  128  through  132  show  the  off-board  test 
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Figure  128.  Propulsion  Unit,  Assembled,  Side  View 
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Test  Stand 
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Figure  132.  Propulsion  Unit,  Compressor,  Rear  View 
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setup  in  varying  stages  of  completion.  The  following  drawings  show 
the  details  of  the  marriage  as  well  as  the*  installation,  support  struc 
ture,  electrical  and  lubrication  schematics,  etc. 

GB  2102  -  Turbine  and  Compressor,  Installation 
GB  2103  -  Turbine  and  Compressor  Mount  and  Connt  ction  (2 
sheets) 

GB  2106  -  Turbine  and  Compressor  Instrumentation  and 
Operation 

GB  2107  -  Turbine  and  Com|)ressor  Drive  Shaft 
Tests  were  performed  on  this  unit  as  summarized  below. 

1  .  Over  60  starts  wer  e  made  with  no  problem; 

2.  Manual  control  of  power  (speed)  is  satisfactory; 

3.  Vibration  pickups  indicated  an  initial  out  of  balance  condition 
which  was  subsequently  corrected; 

4.  Over  4  hours  of  intermittent  operating  time  were  accumulated 
on  the  unit;  the  last  run  was  at  80  to  95  percent  power  for  1 
hour; 

5.  The  T-58  and  J-69  appear  to  be  matched  reasonably  well 
as  there  was  no  indication  of  a  resonant  or  vibratory 
condition  due  to  either  mechanical  or  aerodynamic  coupling; 
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fi.  The  output  of  the  compressor  (manflow  and  total  head)  at 
maximum  speed  correlates  well  with  the  compressor  map 
furnished  by  Continental.  In  addition,  the  distribution  of  the 
air  in  the  five  exhaust  ports  (shown  in  Figures  130  and  132) 
was  uniform. 

It  is  concluded  that  this  union  of  the  T-58  and  J-69  is  feasible  and, 
in  fact,  would  require  only  minor  modifications  for  the  on-board 
installation. 

As  was  predicted  by  representatives  from  both  the  General  Electric 
Company  and  Continental  Aircraft  Engineering  Corporation,  the  most 
difficult  part  of  accomplishing  this  marriage  involved  the  alignment 
and  precision  dynamic  balancing  of  the  high  speed  rotating  parts. 

ON-BOARD 

The  majority  of  the  details  of  the  vehicle  propulsion  installation 
have  been  discussed  elsewhere  in  this  report,  such  as: 

1.  The  engine  installation  drawings  are  tabulated  under  "Vehicle 
Characteristics"  on  page  20  with  the  complete  set  of  vehicle 
drawings,  and  in  the  above  "Off-Board"  discussion. 

2.  The  propulsion  control  is  also  discussed  in  "Vehicle  Char¬ 
acteristics"  as  integrated  with  the  vehicle  controls. 

3.  A  weight  breakdown  of  the  propulsion  components  was  in 
Table  I. 

4.  The  output  of  the  unit,  mass  flow  and  pressure  was  shown 
in  Figures  69  and  70. 

5.  To  provide  forward  propulsion,  as  described  in  a  previous 
section,  100  to  150  pounds  of  residual  thrust  from  the  T-58 
will  be  used. 
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One  remaining  factor  to  consider  is  the  anticipated  loss  of  total 
head  between  the  exit  of  the  J-69  compressor  and  primary  nozzle 
header.  A  preliminary  estimate  of  the  worst  condition  is  shown 
in  Figure  133  and  in  Table  IX.  A  maximum  total  loss  of  0.84  psi  is 
predicted  for  the  assumed  plumbing,  of  which  0.51  psi  occurs  be¬ 
tween  stations  1  and  3.  This  is  considered  to  be  greatly  in  excess 
of  what  can  be  obtained.  A  mo*‘H  realistic  estimate  of  0.30  psi 
maximum  total  head  loss  is  e.ollmated,  primarily,  by  cleaning  up 
the  plumbing  between  stations  1  'j>nd  3  (Table  X). 

TAP.LE  X 
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Station 

<p=.i) 

1  -  2 

0.350 

2-3 
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3-4 

0.03:- 
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00 
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8-9 

9-10 

0.011 
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11  -  12 

(< .  i>  1  f) 

12  -  13 

0.05  0 
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Figure  133.  Primary  Pressure  Duct  System 
Critical  Path  Stations 


Jet  Thrutt  Factor  versus  Jet  Pressure  Hat  to 
for  Full  Isentropic  Kapansioo 
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Figure  134.  Jet  Thrust  Versus  Jet  I’ressure 
(Ptj/Ps^  =  0  to  15) 
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APPENDIX  1 


THE  CASE  FOR  THE  SIMPLE  AUTOPILOT* 
INTRODUCTION 

Often  the  magnitude  of  the  penalty  which  must  be  paid  for  inherent 
stability  in  pitch  and  roll  is  not  appreciated.  The  stabilizing  airflow 
used  in  the  compartmenting  jets  has  been  shown  not  only  to  produce 
no  contribution  to  lift  but  also  to  distort  severely  the  design  of  the 
main  lift  ducts  and  reduce  their  efficiency.  Other  performance 
penalties  arise  in  structural  weight  and  in  momentum  drag. 

Since  the  expensive  turbine  engine  is  the  major  cost  of  a  GEM,  it 
is  evident  that  considerable  savings  could  result  from  exchanging 
stabilizing  jet  power  for  an  autopilot. 

The  results  are  examined  in  this  appendix. 

GENERALIZED  PERFORMANCE  AND  COST  OF  GEM 

Insufficient  information  is  available  on  the  Martin  reciiculating 
GEM  to  assess  the  value  of  an  autopilot.  However,  a  recent  ONK 
(ACR/NAR  26)  study  derived  cost  and  performance  data  for  a  whole 
family  of  Ground  Effect  Machines,  and  as  there  has  been  no  serious 
criticism  of  the  overall  result,  this  study  forms  a  suitable  basis  for 
comparison. 

PERFORMANCE  AND  COST  ESTIMATES  FOR  THE  INHERENTLY 
STABLE  GEM 

The  ONR  report  showed  that  the  ordinary  annular  jet  GEM  hovering 
at  a  3-foot  ground  clearance  was  uneconomical  as  a  transfer  vehicle 
as  compared  to  an  improved  machine  fitted  with  2-foot  long  flexible 
ti’unks  with  only  one  foot  of  air  wall  clearance. 

*By  N.  K.  Walker  and  R.  .1.  Neal,  Walker  Associates,  Bethesda,  Md. 
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The  latter  has  therefore  been  used  as  a  basis  for  comparison  and 
the  detailed  assumptions  made  below: 


Performance 

Range  is  200  nautical  miles  at  60  knots  with 
a  1-foot  air  wall  clearance,  and  a  2-foot 
flexible  skirt. 

Lift  Power 

The  appropriate  Liberatore  figure  of  merit 
is  5.0,  giving  lift  power  =  0.155  P^^s/W 
where  P^^  «  base  loading  (pounds/square 
foot)  W  =  gross  weight  (pounds) 

Drive  Power 

Momentum  drag  power  is  0.182  x  lift  power 
at  the  design  speed  of  60  knots. 

Profile  drag  power  (including  cushion  drag) 
is  calculated  on  the  assumption  of  a  drag 
coefficient  of  1.0  on  the  whole  frontal  area 
of  the  machine  including  the  cushion. 

In  both  cases  a  propulsive  efficiency  of  70 
percent  is  assumed. 

Weight 

The  structural  weight  is  taken  as  0.175  x 
gross  weight  plus  5  pounds/ square  foot  of 
base  area.  To  this  is  added  an  allowance 
of  1.1  pounds  per  installed  horsepower, 
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and  the  residue  of  the  gross  weight  is  as¬ 
sumed  to  be  the  payload. 

Costs 

The  costs  in  production  numbers  of  200  are 
based  on  $6  per  pound  of  structure,  plus 
$70  per  horsepower. 

Tabulated  results  for  three  sizes  of  machines 
follow:  Tables  XI,  XII.  and  XIII. 
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TABLE  XI 


33.  5  ft  long  X 

"amphibian"  gem 

13.  5  ft  wide;  base  area  s  339  sq  ft 

Base  Loading  (Ib/sq  ft) 

5U  psf 

75  psf 

100  psf 

Gross  Weight  (lb) 

16,950 

25,450 

33,900 

Lift  Power  (hp) 

1,010 

1,850 

2,850 

Profile  Drag  Power  (hp) 

419 

419 

419 

Momentum  Drag  Power 

(hp) 

263 

481 

741 

Total  Installed  Power 

(hp) 

1,692 

2,750 

4,010 

Fuel  Weight  (lb) 

3,385 

5,500 

8,020 

Structure  Weight  (lb) 

4,670 

6,150 

7,630 

Fixed  Weight  (lb) 

650 

650 

650 

Power  Plant  (lb) 

1,860 

3,030 

4,410 

Trunks  (lb) 

375 

375 

375 

Payload 

6,010 

9,745 

12,815 

Costs 

Power  Plant 

$118,500 

$192,500 

$281,000 

Structure 

28,000 

36,900 

45,800 

Total  Cost 

$146,500 

$229,400 

$326,800 

Cost  per  Pound 

of  Payload 

$24.3 

$23.6 

$25.5 

- - 
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TABLE  XII 


"SMALL"  GEM 

50  ft  X  21  ft;  base  area  ^  740  sq  ft 

Base  Loading  (Ib/sq  ft) 

50  psf 

75  psf 

100  psf 

Gross  Weight  (lb) 

37,000 

55,500 

74,000 

Lift  Power  (hp) 

1,470 

2,720 

4,180 

Profile  Drag  (hp) 

1,000 

1,000 

1,000 

Momentum  Drag  (hp) 

400 

720 

1,100 

Total  Power 

2,870 

4,440 

6,280 

Fuel  Weight  (lb) 

5,740 

8.880 

12,560 

Structure  Weight  (lb) 

10,150 

13,400 

16,600 

Fixed  Weight  (lb) 

650 

650 

650 

Power  Plant  (lb) 

3,150 

4,890 

6,910 

Trunks  (lb) 

570 

570 

570 

Payload 

16.740 

27,110 

36,790 

Costs 

Power  Plant 

$200,900 

$310,800 

$439,000 

Structure 

60,900 

80,000 

90,000 

Total  Cost 

$261,800 

$390,800 

$538,000 

Cost  per  Pound 

of  Payload 

$15.6 

$14.4 

$14.65 
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TABLE  Xni 


"LARGE "  GEM 

100  ft  X  45  ft;  base  area  =  3, 

540  sq  ft 

Base  Loading(lb/sq  ft) 

50  psf 

75  psf 

100  psf 

Gross  Weight  (lb) 

177,000 

266,000 

354,000 

Lift  Power  (hp) 

3,770 

5,970 

9,170 

Profile  Drag  (hp) 

2,430 

2,430 

2,430 

Momentum  Drag  (hp) 

990 

1,570 

2,420 

Total  Power  (hp) 

7,190 

9,970 

14,020 

Fuel  Weight  (lb) 

14,380 

19,940 

28,040 

Structure  Weight  (lb) 

48,700 

61,100 

79,700 

Fixed  Weight  (lb) 

650 

650 

650 

Power  Plant  (lb) 

7,910 

10,950 

15,440 

Trunks  (lb) 

1,160 

1,160 

1,160 

Payload 

104,190 

172,190 

229,010 

Costs 

Power  Plant 

$503,000 

$697,000 

$982,000 

Structure 

292,000 

367,000 

478,000 

Total  Cost 

$795,000 

$1,064,000 

$1,460,000 

Cost  per  Pound 

of  Payload 

$7.6 

$6.2 

$6.35 
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PERFORMANCE  AND  COST  ESTIMATE  FOR  AUTO> 
STABILIZED  GEMS 


Performance  and  cost  figures  are  generated  in  exactly  the  same 
way  for  the  same  three  sizes  of  GEMs  using  an  automatic  pilot  to 
stabilize  the  machine  in  pitch  and  roll. 

The  changes  made  to  the  critical  assumptions  are  as  follows: 


Performance 


Lift  Power 


Drive  Power 


Weights 


Remains  unchanged. 


Assume  that  the  appropriate  Liberatore 
figure  of  merit  is  now  6.0,  not  5.0,  follow¬ 
ing  the  results  presented  in  ONR  Report 
ACR/NAR  26.  This  cuts  the  lift  power  by 
the  factor  5/6. 


Same  method,  but  the  reduction  in  lift  power 
results  in  a  reduction  of  momentum  drag. 


Same  method  as  before,  but  the  reduced 
total  power  will  save  power  plant  weight  and 
fuel.  No  allowances  made  for  the  autopilot 
weight  since  it  will  be  very  small  and  will 
be  offset  by  a  saving  in  structural  weight 
due  to  elimination  of  the  stabilizing  jets. 
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Costs 


FstirnatecJ  as  before,  and  an  allowance  of 
$3  ,000  plus  $1  per  lift  horsepower  is  made 
foi'  the  cost  of  the  autopilot.  (This  may 
seem  a  low  fi>»ure,  but  is  supported  by  cost 
quotations  for’  light  aircraft  autopilots.) 

The  results  of  the  revised  estimates  are 
given  in  Tables  XIV,  XV,  and  XVI  which  follow. 

A  further  series  of  cost  and  payload  esti¬ 
mates  has  been  made,  based  on  tlie  further 
assumption  that  the  elimination  of  stabiliz¬ 
ing  jets  will  permit  a  reduction  in  struc¬ 
tural  weight  of  10  percent.  These  are 
included  in  Tables  XIV,  XV,  and  XVI. 
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TABLK  XIV 

"AMPHIBIAN” 

GLM  (WITH  i 

AUTOPILOT) 

H,  5  ft  long  X  13.5 

ft  wide;  base 

area  -  3  3‘i  s(j  ft 

Base  Loa<ling  (lb/ sq  ft) 

50  pHl 

75  psi 

100  psl 

Gross  W*;ight  (lb) 

16,950 

25,450 

33,900 

Lift  Power  (lip) 

H41 

1,540 

2,370 

Profile  Drag  Power  (hp) 

419 

419 

419 

Motnenfum  Drag  Power  (hp) 

219 

401 

618 

Total  Installed  Power  (hp) 

1 ,479 

2,360 

3,407 

Fuel  Weight  (lb) 

2,960 

4,720 

6,810 

Structure  Weiglit  (lb) 

4,670 

6,150 

7,630 

Fixed  Weight  (lb) 

650 

650 

650 

Power  Plant  Weiglit  (Ib) 

1,630 

2,600 

3,740 

Trunks  Weight  (lb) 

375 

375 

375 

Payload  Weight  (lb) 

6,665 

10,955 

14.695 

Costs 

Power  Plant 

$103,600 

$165,200 

$238,500 

Structure 

28,000 

36,900 

45,800 

Autopilot 

3,840 

4,540 

5,370 

Total  Cost 

$135,440 

$206,640 

$289,670 

Cost  per  Pound 

of  Payload 

$20. 4/lb 

$18. 9/lb 

$19. 7/lb 

Results  if  structural  weiglit  reduced 

10% 

Payload  (lb) 

7,132 

1 1,570 

15,460 

Cost 

$132,640 

$204,720 

$285,140 

Cost  per  Pound 

of  Payload 

$18. 6/lb 

$17. 7/lb 

$18. 45/lb 
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TABLE  XV 


"SMALL"  GEM 

(WITH  AUTOPILOT) 

50  ft  long  X  21  ft  wide;  base  area 

=  740  sq  ft 

Base  Loading  (Ib/sq  ft) 

50  psf 

75  psf 

100  psf 

Gross  Weight  (lb) 

37,000 

55.500 

74,000 

Lift  Power  (hp) 

1,225 

2,270 

3,485 

Profile  Drag  Power  (hp) 

1,000 

1,000 

1,000 

Momentum  Drag  Power  (hp) 

335 

600 

915 

Total  Installed  Power 

2,560 

3,870 

5,400 

Fuel  Weight  (lb) 

5,120 

7,760 

10,800 

Structure  Weight  (lb) 

10,150 

13,400 

16,600 

Fixed  Weight  (lb) 

650 

650 

650 

Power  Plant  Weight  (lb) 

.1,810 

4,260 

5,940 

Trunks  Weight  (lb) 

570 

570 

570 

Payload  Weight  (lb) 

17,700 

28,860 

39,440 

Costs 

Power  Plant 

$179,200 

$270,400 

$378,000 

Structure 

60,900 

80,400 

99,600 

Autopilot 

4,220 

5,270 

6,490 

Total  Cost 

$244,330 

$356,570 

$484,090* 

Cost  per  Pound 
of  Payload 

$13. 8/lb 

$12. 35/lb 

$12. 3/lb 

Results  if  structure  weight  reduced  by  10% 

Payload  (lb) 

18,720 

30,200 

41,100 

Cost 

$238,240 

$348,030 

$474,130 

Cost  per  Pound 
of  Payload 

$12.7/lb 

$1 1.5/lb 

$11. 5/lb 
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TABLE  XVI 


"LARGE  GEM  (WITH  AUTOPILOT) 

100  ft  long  X  45  ft  wide  Base  Are:i  =  3,540  sq  ft 


Base  Loading  (Ib/sq  ft) 

50  psf 

75  psf 

100  psf 

Gross  Weight  (lb) 

177,000 

266,000 

354,000 

Lift  Power  (hp 

3,140 

4,980 

7,640 

Profile  Drag  Power  (hp) 

2,430 

2,430 

2,430 

Momentum  Drag  Power  (hp) 

819 

1,290 

1,980 

Total  Installed  Power 

6,389 

8,700 

12,050 

Fuel  Weight  (lb) 

12,750 

17,400 

24,100 

Structure  Weight  (lb) 

48,700 

61,100 

79,700 

Fixed  Weight  (lb) 

650 

650 

6  50 

Power  Plant  Weight  (lb) 

7,020 

9,550 

13,250 

Trunks  Weight 

1,160 

1,160 

1,160 

Payload 

106,7  20 

176,140 

235,140 

Costs 

Power  Plant 

447,000 

609,000 

843,000 

Structure 

292,000 

367,000 

478,000 

Autopilot 

6,140 

7,980 

10,640 

Total  Cost 

$745,140 

$983,980 

$1,331,640 

Cost  per  Pound 

of  Payload 

$7.0/ lb 

$5. 6/lb 

$5. 65/lb 

Results  if  structural  weight  reduced 

10% 

Payload  (lb) 

111,590 

182,250 

243,1 10 

Cost 

$715,940 

$947,280 

$1,283,840 

Cost  per  Pound 

of  Payload 

$6. 4/lb 

$5. 2/lb 

$5. 3/lb 

RESULTS 

The  results  are  shown  in  Figures  136  and  137  and  are  also  given  in 
Table  XVII  for  the  typical  bore  loading  of  75  pounds  per  square  foot. 


TABLE  XVII 

COST  AND  PAYLOAD  ESTIMATES  FOR 
INHERENTLY  STABLE  GEMS 


Amphibian 

Small 

Large 

Base  Estimates  for 

Inherently  Stable  Gems 

Payload 

9,745  lb 

27,120  lb 

172,190  lb 

Installed  Power 

2.750  hp 

4,440  hp 

9,970  hp 

Cost 

$229,400 

$391,000 

$1,064,000 

Cost  per  Pound  Payload 

$23. 6/lb 

$14.4 

$6.2 

Results  for  Autopilot 
GEM  -  No  Structural 
Weight  Savings 


Payload 

10,955  lb 

28,860  lb 

176,140 

Installed  Power 

2,360  hp 

3,870  hp 

8,700 

Cost 

$206,640 

$356,070 

$973,980 

Cost  per  Pound  Payload 

$18. 9/lb 

$12. 4/lb 

$5. 6/ lb 

Results  for  Autopilot 
GEM  with  10%  Saving 
of  Structure  Weight 


Payload 

11,570  lb 

30,200  lb 

182,250  lb 

Installed  Power 

2,360  hp 

3,870  hp 

8,700  hp 

Cost 

$204,720 

$348,030 

$947,280 

Cost  per  Pound  Payload 

$17. 7/lb 

$11. 5/lb 

$5. 2/lb 
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The  results  show  that  for  all  sizes  of  machine  there  is  a  significant 
decrease  in  cost  per  pound  of  payload  of  from  10  percent  to  20  per¬ 
cent,  even  if  no  allowance  is  made  for  the  simplification  of  the  struc¬ 
ture  that  is  made  possible  by  omitting  the  compartmenting  jets. 

The  cost  of  these  jets  is  quite  high  in  terms  of  weight,  and  Appendix 
II  shows  that  wave  impacts  are  less  likely  and  less  severe  for  a 
GEM  with  an  autopilot,  so  an  appreciable  reduction  in  structural 
weight  should  be  possible. 

The  second  set  of  figures  shows  that  the  effect  of  a  10-percent  saving 
in  structural  weight  is  also  appreciable.  In  particular,  it  should 
certainly  be  possible  to  build  an  amphibian  GEM  to  carry  5  tons  of 
payload  with  an  overall  length  of  less  than  12  feet,  a  result  of  im¬ 
mediate  interest  to  the  U.  S.  Army  and  the  U.  S.  Marine  Corps. 

CONCLUSIONS 

The  savings  in  cost  and  size  to  be  expected  from  the  use  of  an  auto¬ 
pilot  are  so  large  that  they  will  not  be  greatly  affected  by  changes 
to  the  assumptions. 

Moreover,  most  GEMs  are  difficult  to  fit  with  an  autopilot  owing  to 
the  large  size  and  sluggish  nature  of  the  controls. 

It  would  seem  desirable  to  make  practical  tests  on  various  forms 
of  autopilots  on  a  suitable  machine  before  committing  a  future  de¬ 
sign  to  the  principle. 
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APPENDIX  II 


WATER  ANALOGY  OF  THE  RECIRCULATION  GEM* 

The  laws  for  the  similarity  of  different  flows  about  geometrically 
similar  bodies  have  been  known  and  used  since  the  turn  of  the 
century.  This  includes  gas-gas  and  gas-liquid  similarities. 

The  beauty  of  the  water  analogy  used  bv  the  early  investigators 
was  the  ease  of  obtaining  flow  visualization.  This  is,  of  course, 
useful  today.  However,  there  are  serious  limitations  placed  on  the 
utilization  of  the  water  analogy  in  modern  flow  problems  because 
many  of  the  applications  require  account  be  taken  of  compressibil¬ 
ity.  This  cannot  be  done  using  water  unless  one  forms  his  analogy 
on  a  free  surface. 

The  laws  of  similitude  are  based  upon  the  idea  that  all  the  terms  of 
an  equation  describing  a  physical  situation  must  be  dimensionally 
homogeneous.  The  Buckingham  Pi  theorem  then  states  that  the 
equation  of  interest  may  be  reduced  to  a  relation  between  a  com¬ 
plete  set  of  dimensionless  products.  Similarity  simply  requires  the 
parameters  for  the  model  to  be  equal  to  those  for  the  full-scale 
body. 

One  of  the  major  problems  in  applying  the  similarity  laws  is  the 
selection  of  the  variables  pertaining  to  the  problem.  The  obvious 
ones  for  the  flow  in  the  GEM  of  interest  are:  density  of  fluid  (p), 
velocity  (v),  size  (1),  viscosity  Ui),  and  pressure  (p).  These  are 
the  usual  variables  in  flow  processes  where  heat  transfer  is  not 
involved.  However,  in  the  present  case,  it  is  desirable  to  charac¬ 
terize  the  turbulent  mixing  by  some  pertinent  variable.  The  fric¬ 
tion  velocity"  was  selected  for  this  purpose  since  it  is  supposed 

♦By  Dr.  K,  Millsaps,  University  of  Florida,  Gainesville 
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The  friction 


to  represent  the  degree  of  turbulence  in  the  flow, 
velocity  is  defined  as: 


where:  t  =  shear  stress  in  the  fluid.  Since  the  density  (p)  is  al¬ 
ready  contained  in  the  list  of  variables,  only  the  shear  stress  will 
be  used  to  represent  the  mixing  process. 

The  problem  may  now  be  written  in  functional  form  as: 

f  (p,  V,  1,  p,  p,  t)  =  0.  (212) 

All  of  the  variables  above  may  be  represented  in  a  system  of  three 
fundamental  dimensions,  namely,  mass  (M),  length  (L),  and  time 
(T).  This  means  three  variables  may  be  selected  arbitrarily  from 
the  list  as  fundamental  variables  of  the  problem.  Let  the  three  be 
p,  V,  and  p.  Now,  according  to  Buckingham  there  will  result  three 
dimensionless  products,  which  will  be  indicated  by  tt.,  7f„,  and  jr„, 

1m  «3 

in  which  the  problem  may  be  fomjulated.  Equation  (212)  is  now  writ¬ 
ten  as: 

4»  =  (xj.  ~  ®  (213) 

where 

Xj  =  x^  (1,  p,  V,  p) 

^2  ~  ^2 

X3  =  X3  (t,  p,  V,  p) 

also 

•  (U  (m“.  T*'’)  (m'^  1.“^  . 
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This  results  in  the  set  of  equations  for 


M;  a  c  =  0 

L:  l-3a  +  b-  c=  0 

T:  -  b  -  c  *  0 

a  =  -c  =  b=  1  and 

the  Reynold' s  number. 

1  ^ 

Using  the  same  method: 

P 

TTg  =  — pressure  coefficient 
pv 

T 

^3  ~  2* 
pv 

In  the  last  product,  t  may  be  written  in  terms  of  the  friction  factor 
(f),  where 

f  =  g(Re> 

that  is, 

,  2 

T  s  const  f  pv  , 

Therefore 

JT.,  =  const. 

«5 

Equation  (213)  now  becomes: 

4^(Re-Cp)  =  0 
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where 


=  Reynold' s  nun^ber 
Cp  =  pressure  coefficient. 

Therefore,  if  a  model  test  is  conducted  at  some  Reynold's  number 
R0^  and  a  then  a  geometrically  similar  full-scale  vehicle 

operated  at  the  same  Reynold's  number  will  have  the  same  pressure 
coefficient. 

The  application  of  this  theory  to  the  recirculating  GP-M  flow  of 
present  interest  raises  the  question  of  selecting  a  station  in  the 
flow  at  which  to  calculate  the  characteristic  Reynold' s  number. 

The  answer  to  this  question  lies  in  the  fact  that  the  entire  flow  field 
will  be  similar.  Therefore,  any  convenient  station  will  be  suitable. 
The  Reynold's  number  of  the  primary  nozzle  exit  was  selected  in 
this  report. 

Experimental  Program 

A  working  two-dimensional  model  of  a  recirculating  GEM  was  con¬ 
structed  to  demonstrate  the  applicability  of  the  water  analoffy  to 
such  a  problem  and  to  develop  laboratory  techniques.  A  schematic 
drawing  is  shown  in  Figure  138. 

The  pressure  was  measured  at  the  indicated  positions. 

The  model  was  designed  so  that  both  water  and  air  could  be  used  as 
a  working  fluid.  The  instrumentation  was  set  up  for  only  a  so-called 
"quick  and  dirty"  evaluation  since  the  method  of  the  water  analogy 
was  not  in  question.  The  main  purpose  was  a  feel  for  the  operating 
parameters  (e.g.,  temperature)  and  their  effects  upon  results. 
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Figure  138.  Sketch  of  Two-Dimensional  Working  Model 


Procedure 

The  model  was  constructed  in  the  horizontal  position  to  avoid  the 
effect  of  gravity  upon  the  flow,  a.s  indicated  by  Froude’  s  number. 
The  tank  could  be  held  completely  full  of  water  in  this  position  by 
use  of  a  long  shallow  spillway  (1/8  "  x  4  ").  Even  with  no  flow,  the 
su’Tace  tension  of  the  water  would  keep  the  tank  full,  up  to  within 
1  or  2  inches  from  the  spillway.  'I'lie  surface  tension  did  cause 
difficulties  in  the  pressure  readings.  This  will  be  discussed  later 
in  the  report.  The  water  flow  rate  was  measured  by  using  a  stop 
watch  and  a  graduated  cylinder  at  tlie  *‘xit  of  the  tank.  The  meas¬ 
urements  were  calibrated  against  a  pressure  gage  on  the  supply 
pipe  (indicated  as  p^  in  Figure  138).  The  temperature  of  tlie  water 
was  measured  by  use  of  mercury  in  a  glass  thermometer  at  the 
exit. 

The  calibration  of  the  primary  nozzle  used  a  velocity  survey  taken 
l/l6"  down  stream  of  its  exit.  The  average  of  this  survey  is  used 


28.'^ 


as  the  velocity  of  the  jet.  It  is  realized  that  this  method  is  not  at  all 
accurate  particularly  since  only  a  single  diameter  was  surveyed. 
However,  the  necessary  equipment  was  not  readily  available  so  that 
the  averaged  value  was  used.  With  this  velocity,  the  temperature  of 
the  primary  flow  was  calculated  by  use  of  the  energy  equation.  The 
total  temperature  was  taken  as  the  temperature  of  the  room  in  which 
the  storage  tank  was  located. 

Pressure  taps  were  located  for  and  as  indicated  in  Figure  138 
These  pressures  were  measured  with  a  Meriam  Micromanometer 
when  air  was  used  as  a  working  fluid.  When  water  was  used,  a  stand¬ 
pipe  was  connected  to  a  height  gage  by  means  of  a  flexible  tube.  The 
values  for  the  change  in  pressure  were  obtained  from  the  change  in 
height  required  to  keep  the  meniscus  at  a  reference  line.  When  this 
method  is  used,  the  change  in  height  could  be  measured  to  0.001 
inch.  This  is  not  to  imply  that  the  measured  pressures  were  this 
accurate.  Two  sources  of  error  dropped  the  accuracy  to  something 
like  0.01  inch.  The  first  source  is  the  surface  tension  at  the  spillway 
under  no-flow  conditions.  It  was  found  that  the  no-flow  reading  would 
shift  as  much  as  0.075  inch  and  that  the  zero  would  change  with  a 
change  in  the  bubble  at  the  spillway.  The  value  of  the  shift  given 
above  is  an  extreme  case.  The  more  usual  value  was  about  0.01 
inch.  The  second  difficulty  was  fluctuations  in  the  pressure  dur¬ 
ing  the  run  caused  by  unsteadiness  in  the  water  supply  (tap  water). 

In  addition,  there  seemed  to  be  an  unsteadiness  in  the  pressure  due 
to  the  flow,  as  is  the  case  in  most  experimental  work  of  this  type. 

A  useful  technique  for  the  latter  fluctuation  is  to  use  a  length  of 
small-diameter  tubing  to  cut  down  the  response  time  of  the  manom¬ 
eter  and  thus  to  obtain  an  average  pressure. 
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An  Example  Test  Hun 


Water  was  forced  throuj»li  the  pr  imary  jet  at  15.2  fps  and  a  lv*m- 
pera^ure  of  25°C.  Tire  tempo ratui»*  of  the  air'  was  estimated  ta  l>e 
24°C.  The  simulated  air  velocity  is  calculated  try  usin^*  the  •  imi- 
lai’ity  <  ondition  that  the  Reynold's  numbers  in  air  and  water  are 
the  same. 

V 

a 

V  = - V 

a  V  w 
w 

where 

V  =  kinematic  viscosity. 

The  kinematic  viscosities  were  found  to  be; 

V  at  24°C  is  0.165  x  lO’^  ft^  sec 

a  ' 

V  at  25“C  is  0.965  x  lO"^  ftV^^^i  - 
w 

Fi'om  Equation  (214) 

V  =  260  fps. 
a 

Suppose  an  error  of  1"C  is  made  in  ttie  temperature  of  ttie  air.  I'lic 
with 

V  at  25‘*t'  -  0.166  x  lo"^  ft^sec 
a 

the  velocity  being  simulated  is,  from  Equation  (214), 

V  at  25“C  =  261.5  fps. 
a 

So  that  in  this  range,  the  error  in  velocity  due  to  a  change  m  tem¬ 
perature  is  equal  to  1.5  fps/^C.  If  the  error  is  in  the  temperature 
of  the  water, 


(2  14) 


267 


V  =  265.7  fps 
or  error  =  5.7  fps/^C. 

Let  us  see  what  happens  in  the  case  of  the  pressure  coefficient  (C 
From  similarity 


). 

P 


C 


«  C 

Pw 


Therefore^ 


where 


p  =  density  of  the  fluid. 
At  25*C  p^  =  0.997  gr/cc 
At  24“C  p  =  0.001189  gr/cc 

til 

all  at  1  atm. 

Therefore, 


AP  24 
a 

AP 


w 


25 


0.3486 


Again  let  the  air  temperature  vary  rC.  Then 

AP  25 

-  =  0.3517 

'*'25 

or  an  error  of  0.889%/®C. 


(215) 
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In  an  actual  case,  the  ratio  of  pressures  was  found  to  be: 


AP 

-r~  =  0.197. 

AP 

w 

The  analogy  was  set  up  for  air  and  water  both  being  at  23“C  wtien 
actually  the  air  was  at  approximately  24°C  while  the  water  was  at 
25‘’C.  Ten  per  cent  of  the  error  in  Equation  (216)  can  be  accounted 
for  by  the  1°C  air  temperature  and  2“C  water  temperature  error. 

Photography 

In  addition  to  pressure  measurements,  the  water  channel  was  used 
for  a  motion  picture  study  of  the  flow  in  a  recirculation  CJEM,  The 
flow  was  made  visible  by  introducing  red  food  dye  into  the  primai'y 
nozzle.  The  pictures  were  made  with  a  Bolex  motion  picture  earner 
with  Kodachrome  11  type  A  film.  The  most  successful  runs  were 
made  at  64  f rames/second  giving  a  shutter  speed  of  1/120  second. 
The  ASA  rating  of  the  film  is  40,  which  worked  very  well  with  a 
lense  opening  f/5.6  using  three  small  tungsten  floods. 

Conclusion 

Three  conclusions  can  be  drawn  from  this  work: 

1.  The  method  may  certainly  be  used  for  qualitative  work  such 
as  optimization  of  the  geometry.  If  the  model  is  operating 
in  the  same  Reynold's  number  range  as  the  full-scale 
vehicle,  the  trends  will  surely  be  the  same  in  both  cases. 

For  example,  the  geometry  yielding  the  maximum  base  pres¬ 
sure  will  be  the  same  in  water  and  air. 


(216) 
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2.  Quantitative  results  may  also  be  obtained  from  the  water 
analojjy.  This  would  be  accomplished  by  operating  the  water 
model  over  a  range  of  Reynold' s  numbers  and  recording  the 
pressures  at  the  desired  locations  on  the  model.  Plots  of 
pressure  coefficient  versus  Reynold's  number  for  various 
positions  from  the  water  test  would  result  in  a  curve  that 
would  give  the  pressure  at  corresponding  points  on  the  full- 
scale  vehicle  once  the  Reynold' s  number  of  the  primary  jet 
is  known. 

Too  much  emphasis  cannot  be  placed  on  the  care  with  which 
the  experimental  setup  is  made.  Previous  calculations  show 
that  for  quantitative  results  the  temperature  of  the  water  must 
'oe  maintained  within  at  least  1°C  during  each  test  run.  The 
velocity,  and  hence  the  pressure  of  the  primary  jet,  must  be 
held  constant.  These  requirements  seem  to  indicate  an  indoor 
tank  that  is  allowed  to  come  to  thermal  equilibrium  before 
each  run. 

It  should  be  pointed  out  that  although  all  the  work  in  this  re¬ 
port  v.ciS  performed  in  two  dimensions,  there  are  no  restric¬ 
tions.  A  three-dimensional  model  should  work  equally  well. 


3.  The  water  analogy  should  prove  very  useful  in  that  the  flow  visualiza¬ 
tion  may  be  easily  accomplished  and  photographed.  This  should 
prove  useful  in  studying  jet  mixing  as  well  as  the  general  flow. 
F'or  example,  it  seems  that  flow  visualization  would  be  appro¬ 
priate  in  studying  the  sensitivity  of  the  position  of  the  primary 
jet  in  the  channel  and  in  three  dimensions,  the  corner  flow 
problem . 
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In  summing  up,  it  is  felt  that  the  water  analogy  will  prove*  to  be  a 
very  valuable  tool  in  the  design  and  undei  standing  of  the  flow  in  a 
recirculating  GKM. 
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APPENDIX  III 


VEHICLE  PERFORMANCE  ESTIMATE 
(IBM  MACHINE  PROGRAMMED) 

Lift  and  propulsion  power  requirements  are  computed  for  the  ejector 
recirculation  ground  effect  machines  in  hovering  and  forward  flight. 
Efficiencies,  drag  coefficients,  augmentation  ratio  and  planform 
geometry  (Elliptical  or  Rectangular)  are  among  the  input  items.  Four 
calculation  options  are  available; 

Option  1  Generalized  nondimensional  performance  computed 
over  a  range  of  lift  coefficients. 

Option  2  Vehicle  lift  and  base  pressure  specified.  Computes 
GEM  size  and  power  required  at  a  specified  flight 
velocity. 

Option  3  Vehicle  size  and  base  pressure  specified.  Computes 
total  lift  and  power  required  at  a  specified  flight 
velocity. 

Option  4  Vehicle  size  and  lift  specified.  Computes  base  pres¬ 
sure  and  power  required  over  a  range  of  flight  ve¬ 
locities. 

Assume; 

1  Compressor  Inlet  Pressure  =  n^q<» 

2  Cushion  Back  Pressure  =  Pg/2 

3  P  '  =  f(q.,  m/m,  ejector  design) 

^  D°  -2(t/h)(l +COS  0)P\ 

4  PB=qjO-«  ; 
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p 

J 


=  compressor  efficient  y 
=  line  efficiency 


Cn  -  ejector  efficiency 


27:^ 


V  pS 
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Figure  141.  Power  Loading  Versus  Figure  142.  Ejectijet  GEM  Performance 

Power  Parameter  60,000  <  Wg  <  100,000 


LLZ 
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Figure  143.  Theoretical  Cavity  Pressure 
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U.  S.  Naval  Supply  Research  and  Development  Facility  1 

U.  S.  Naval  Postgraduate  School  1 

David  Taylor  Model  Basin  1 

Marine  Corps  Landing  Force  Development  Center  1 


Marine  Corps  Educational  Center  1 

Ames  Research  Center,  NASA  2 

NASA-LRC,  Langley  Station  2 

Lewis  Research  Center,  NASA  2 

NASA  Representative,  Scientific  and  Technical 

Information  Facility  2 

Human  Resources  Research  Office  2 

U.  S.  Army  Standardization  Group,  Canada  2 

Canadian  Liaison  Officer, 

U.  S.  Army  T ransportation  School  3 

British  Army  Staff,  British  Embassy  4 

U.  S.  Army  Standardization  Croup,  U.  K.  I 

Defense  Documentation  Center  10 

U.  S.  Government  Printing  Office  1 
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